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(HEMIPTERA: PENTATOMIDAE) 
 
 
 The brown marmorated stink bug (Halyomorpha halys) is an invasive, 
agriculturally destructive pest present in most of the United States. Because organic 
farmers have few effective control options to combat this pest, three potential control 
options were investigated. Screens of different mesh sizes (0.42cm, 0.32cm, and 0.10cm) 
that covered vegetable crops were evaluated for their ability to exclude H. halys, allow 
the entry of beneficial insects, and protect the crop from various types of damage. H. 
halys and native stink bug egg masses were placed in an organic field and evidence of 
predation and parasitism from native natural enemies was assessed. Lastly, a pre-
formulated product of the entomopathogenic fungus, Beauveria bassiana, was used to 
target H. halys in a field, greenhouse, and lab setting to determine its effectiveness. Finer 
screens excluded beneficial insects but protected the crop from stink bug and sun 
damage, increasing the percentage of marketable crop. Predators control some of H. halys 
eggs but parasitoids are unable to emerge from a large portion of H. halys eggs, 
potentially causing their control to be unsustainable. B. bassiana was not observed to 
effectively control H. halys during any of the fungus trials. 
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1 
INTRODUCTION 
 The brown marmorated stink bug, Halyomorpha halys (Stål) (Hemiptera: 
Pentatomidae) is an invasive stink bug that was first positively identified in the United 
States in Allentown, PA in 2001 (Hoebeke and Carter 2003). It is believed that H. halys 
arrived in the United States after arriving from Asia through shipping materials 
(Hamilton 2009). H. halys was first identified in Kentucky in Boyd County, October of 
2010 (Townsend 2013). Since then, H. halys has been positively identified in at least 47 
Kentucky counties (Townsend 2013).  
H. halys is native to China, Japan, Korea and Taiwan where it goes through 
periodic outbreaks and causes economic damage to various crops (Nielsen et al. 2008b, 
Nielsen and Hamilton 2009b, a, Yang et al. 2009, Lee et al. 2013b). It is especially 
problematic in Japan where it causes significant damage to shade and fruit trees, 
vegetables, and legumes (Nielsen et al. 2011). It is a public nuisance when it enters 
buildings in search of overwintering sites. The U.S. population of H. halys is believed to 
have specifically originated from the Beijing, China area (Xu et al. 2014). 
H. halys females lay light-green egg masses of approximately 28 eggs in a single 
layer on the underside of host plant leaves (Welty et al. 2008, Nielsen and Hamilton 
2009b, Yang et al. 2009, Lee et al. 2013b). These eggs hatch within three to seven days 
(Welty et al. 2008). First instar nymphs remain grouped together feeding on the surface 
of the egg shells for a few days after they emerge, presumably in order to acquire 
microbial symbionts (Hirose et al. 2006, Nielsen and Hamilton 2009b, Lee et al. 2013b). 
H. halys nymphs may also acquire additional nutrients from their eggshells. This 
acquisition of nutrients from eggshells has been demonstrated for some species of 
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caterpillars, including the Brazilian cabbage caterpillar, Ascia monuste (Barros-Bellanda 
and Zucoloto 2001). The nymphs pass through five instars before they become adults 
(Welty et al. 2008, Hamilton 2009). The nymphs spend around a week at each instar until 
they reach the 5th instar which lasts two weeks (Quarles 2014). First instar nymphs are 
orange with black stripes. Second to fifth instar nymphs are brown with distinct white 
bands on their antennae and tibia. Nymphs feed on various parts of the host plant, such as 
the leaves, stems and fruit while the adults primarily feed on the fruit (Yang et al. 2009). 
Adults are approximately 17 mm long and a mottled brown color (Quarles 2014). They 
have two white bands on their antennae and copper/metallic depressions on their head 
and thorax. By monitoring their development at different temperatures, it was concluded 
that H. halys develops into the adult stage between 17°C and 33°C, though the eggs can 
hatch at 15°C (Nielsen et al. 2008b). There are 537.6 degree days required for H. halys to 
complete development from the egg to an adult but an additional 147.7 DD of 
preoviposition time are needed before the females can begin laying eggs at 15-30°C 
(Nielsen et al. 2008b). Oviposition occurs in 4.3±0.4 day intervals and females can 
continue to lay eggs for the rest of their lives (Nielsen et al. 2008b). Studies on the 
northeastern populations of H. halys indicate that the total developmental time of a cohort 
is 42.3 days at room temperature (Nielsen et al. 2008b). 
In the fall, after the growing season is over, the adults search for suitable 
overwintering sites, often within buildings (Welty et al. 2008, Aldrich et al. 2009, 
Hamilton 2009, Gouli et al. 2012, Owens et al. 2013). Once inside, they congregate in 
dark areas near the top of a building until the spring when they remerge (Lee et al. 
2013b). H. halys immediately searches for host plants after emerging from overwintering 
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sites in order to replenish resources lost during the winter (Welty et al. 2008, Nielsen and 
Hamilton 2009b, Nielsen et al. 2011, Lee et al. 2013b, Lee et al. 2013a). So far, in parts 
of their range in the U.S. such as New Jersey and Pennsylvania, they seem to be 
univoltine but are bivoltine in states further to the south, such as Virginia and Maryland 
(Nielsen et al. 2008b, Nielsen and Hamilton 2009b). In regions where H. halys produces 
more than one generation per year, the generations overlap and nymphs along with adults 
can be found in the field together (Haye et al. 2014). 
In the United States, H. halys has been identified in at least 42 states (T. Leskey, 
personal communication). In the Mid-Atlantic States where U.S. H. halys populations are 
the highest, the brown marmorated stink bug is a serious pest of fruit trees, vegetables, 
field crops (cotton, soybean, corn, wheat, sorghum, sunflowers, etc.), ornamentals, and 
nursery plants (Nielsen et al. 2008b, Zhu et al. 2012, Lee et al. 2013b, Lee et al. 2013a, 
Owens et al. 2013). Surveys of stink bugs on soybeans have shown that H. halys is now 
more abundant on this crop in the mid-Atlantic area than native species such as the brown 
stink bug, Euschistus servus (Say), and the green stink bug, Chinavia hilaris (Say) 
(Aldrich et al. 2009). Geographic expansion models predict that H. halys is likely to 
continue expanding its current U.S. range south and will eventually inhabit larger 
portions of the eastern U.S. (Zhu et al. 2012). H. halys has also found suitable habitat in 
the northwestern region of the U.S. (Zhu et al. 2012). The optimal habitat for H. halys 
seems to lie between latitudes 30° and 50° (Zhu et al. 2012).  H. halys has proven able to 
survive harsher winters than other species of stink bugs, largely in part to its 
overwintering behavior (Nielsen et al. 2008b).  
4 
Impacts 
In its native range, H. halys is known to feed on approximately 300 host plants 
and in the regions H. halys has invaded, it retains its generalist feeding behaviors 
(Nielsen et al. 2008b, Nielsen and Hamilton 2009b, Gouli et al. 2012). Known host plants 
include fruit trees, vegetables, sweet corn, soybeans, cotton, field corn, ornamentals and 
nursery plants (Yang et al. 2009, Lee et al. 2013b). Nymphs are found at a high 
abundance on maturing fruit and pods during the early part of the growing season while 
the adults are found in high numbers on host plants later in the season (Welty et al. 2008, 
Nielsen and Hamilton 2009b, Lee et al. 2013b). H. halys damages its host plants by 
inserting its piercing-sucking mouthparts into the fruit, injecting saliva, and sucking out 
plant juices (Owens et al. 2013). Feeding on the fruit early in the growing season usually 
causes abscission of the fruit but feeding on fruit in the mid and late season may leave 
internal scars and cat-facing on the fruit, rendering it unmarketable (Nielsen and 
Hamilton 2009a, Lee et al. 2013b). In orchards, damage can exceed 25% at the final 
harvest in New Jersey and over 70% in Pennsylvania (Nielsen and Hamilton 2009a, 
Leskey et al. 2012b) 
H. halys damage on apples manifests as darkened spots or depressions on the 
surface of the fruit and brown corky patches on the inside of the fruit (Hamilton 2009, 
Lee et al. 2013b). This could be confused with cork spot on apples, which is a 
physiological disorder caused by calcium deficiency (Welty et al. 2008, Nielsen and 
Hamilton 2009a, Leskey et al. 2012c). It has been reported that apple trees near the edges 
of orchards are more heavily damaged by H. halys and that overall damage levels can be 
between 23% and 31%, though there is still debate about whether early and late ripening 
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apple varieties are differentially effected by H. halys (Lee et al. 2013b). Though the most 
severe damage appears to coincide with periods of rapid growth, damage inflicted on the 
fruit near harvest time may not exhibit external symptoms but may still damage the 
quality of the internal fruit (Lee et al. 2013b).  
Similarly, pears that are damaged late in the growing season may not exhibit 
external symptoms but may contain internal damage (Lee et al. 2013b). Pears that are 
damaged in July show characteristic green depressions on the skin that cover parts of the 
fruit that have developed a corky texture (Lee et al. 2013b). Fruit that is less than 3cm in 
diameter is at a high risk of deformity over its development and overall damage in pear 
crops have been reported anywhere from 10% to 80%, with damage rising substantially 
from June to July (Lee et al. 2013b). 
In peach orchards, H. halys feeding throughout the growing season produces 
gummosis on the fruit trees (Lee et al. 2013b). Before mid-May, feeding causes the fruit 
to deform while after mid-May, the fruit exhibits dark spots (Lee et al. 2013b). Feeding 
early in the season in May generally causes abscission of the fruit but feeding later in the 
season in June causes dark, external fruit injury (Lee et al. 2013b). Improperly managed 
peach orchards can experience 50% to 70% injury levels (Lee et al. 2013b).  
In some crops like soybeans, H. halys can cause seed loss and pod destruction 
(Nielsen et al. 2011). Stems and leaves are attacked early in the growing season and 
seedpods and seeds are attacked later in the season (Lee et al. 2013b). H. halys feeds on 
the seeds through the pod, sucking the juice from the seed and leaving them flat and 
discolored (Nielsen et al. 2011). Feeding on soybean can last from 1.7 to 2.6 hours (Lee 
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et al. 2013b). Similarly in corn, H. halys damages corn by sucking on the kernels through 
the husk, leaving the kernels shriveled (Leskey et al. 2012c). 
In wine production, H. halys not only physically harms the fruit but if enough 
stink bugs are processed with the grapes, the resulting wine could be contaminated with a 
taste similar to cilantro (Leskey et al. 2012c). Physical feeding damage will cause the 
berries to progressively undergo necrosis with the possible collapse of the berry (Leskey 
et al. 2012c).  The external feeding sites could attract Coleopteran pests such as Japanese 
beetles (Popillia japonica) and green June beetles (Cotinis notida) that would exacerbate 
the damage. Excess use of insecticides in these vineyards intended to target H. halys have 
the potential to kill natural predators and release the grape mealybug from biological 
control, that transmits grapevine leafroll virus (Leskey et al. 2012c). 
Lee et al. 2013a reports damage levels of 90% on cucumber and eggplant, 70% on 
sweet corn, 60% on asparagus, 8% on pepper, and 80% on strawberry in their native 
range (Lee et al. 2013b). H. halys is not currently known to vector plant diseases to crops, 
though it can transmit Paulownia witches’ broom disease (Lee et al. 2013b). This disease, 
caused by a phytoplasma, attacks trees in the genus Paulownia (Nakamura et al. 1998). 
These are ornamental trees from Asia and this disease causes limbs to branch out from a 
single point, producing a “witch’s broom” appearance (Nakamura et al. 1998).  
With the exception of the distinctive odor H. halys produces when it is crushed in 
operations such as wine production, the physical damage inflicted on plants by H. halys is 
similar to damage inflicted by other stink bugs. However, H. halys is often the dominant 
stink bug species in agricultural areas it has successfully invaded and likely causes more 
extensive damage due to its large numbers (Aldrich et al. 2009). 
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Though H. halys does not pose a threat to human health, its overwintering 
behavior does cause it be a household pest. H. halys enters buildings in the fall through 
cracks and unsealed areas of the building (Welty et al. 2008). H. halys is known to 
overwinter in closets, air conditioners, clothing and mattresses in the home (Lee et al. 
2013b). The recommended control measure for home owners after the insects enter the 
building is to vacuum them and dispose of the vacuum bag or drop them into soapy water 
to kill them (Welty et al. 2008). At this time, the best defense against home invasion is 
for home owners to seal their homes, avoiding the initial infestation of H. halys in the fall 
(Welty et al. 2008). 
Current Control Options in Agriculture 
Conventional Farming 
 Few pesticides are labelled for use against H. halys and many conventional 
pesticides do not effectively control H. halys. Nielsen et al. 2008 found that pyrethroids, 
notably bifenthrin, effectively controlled H. halys at LC50 values of 0.03-0.49 (µg 
[AI]/cm2) (mg body mass-1). Though pyrethroids produce a fast knock-down, stink bugs 
that survive the initial application of some pyrethroid products, such as cyfluthrin and 
esfenvalerate, return to normal behaviors within seven days (Nielsen et al. 2008a). The 
neonicotinoids tested, specifically dinotefuran, acetamiprid, and thiomethoxam, 
moderately controlled H. halys with LC50 values ranging between 0.05 and 2.64 (µg 
[AI]/cm2) (mg body mass-1) (Nielsen et al. 2008a). Nymphs were more susceptible to the 
pesticides than adults and adult females were more susceptible to the pesticides than 
males, despite their larger body size (Nielsen et al. 2008a).  
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At this point in time, conventional farmers are controlling H. halys by spraying 
these chemicals onto their fields many times over the growing season. Though these 
pesticides provide short-term mortality, they are not a sustainable option considering they 
must be applied repeatedly as H. halys reinvades the field from surrounding areas. Not 
only does this practice raise environmental concerns, but it increases the likelihood that 
H. halys will develop resistance to these pesticides by continuously killing susceptible 
individuals and selecting for the survival of resistant stink bugs. The increased use of 
insecticides has also created ideal conditions for secondary pest outbreaks from mites, 
aphids, and scales in orchards (Leskey et al. 2012c). 
Organic Farming 
 Currently, there are few effective control options for organic farmers battling H. 
halys. Organic farmers cannot utilize non-OMRI approved pesticides that are being used 
to control H. halys in conventional farm settings and other organic practices such as trap 
cropping are still undergoing research to determine their effectiveness against H. halys 
(Mathews and Hallack 2012). Some effective traps have been developed for H. halys, 
most notably black pyramid traps that are baited with the compound methyl (2E,4E,6Z)-
decatrienoate, which is the pheromone of a related stink bug, Plautia stali (Leskey et al. 
2012a). An addition of the H. halys pheromone, a mixture of (3S,6S,7R,10S)-10,11-
epoxy-1-bisabolen-3-ol and (3R,6S,7R,10S)-10,11-epoxy-1-bisabolen-3-ol, to the P. stali 
pheromone creates a synergistic mixture that attracts adults and nymphs of H. halys all 
throughout the growing season (Weber et al. 2014). The black pyramid traps attract H. 
halys at a low level on their own, possibly due to their resemblance to trees, but the 
addition of the aggregation pheromones increases the trap capture rate of both adults and 
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nymphs (Leskey et al. 2012a).  Though this pheromone may prove useful in monitoring 
H. halys numbers in the field, it may not provide direct control of H. halys considering 
that some studies have shown pheromone traps draw the target species into the area, 
where some of them feed on crops in the vicinity of the traps instead of being captured 
(Switzer et al. 2009). This phenomenon has been seen using Japanese beetle lure traps. 
Beetles, specifically females, are attracted to the general area around the trap more than 
they are to the actual trap (Switzer et al. 2009). As a result, the females feed on the plants 
the trap was intended to protect and males find the females on the vegetation as they 
move towards the traps and mate with them (Switzer et al. 2009). This occurrence not 
only does not control pest numbers but may exacerbate the problem by attracting even 
more insects to the crops. 
Another area of research is investigating the effectiveness of entomopathogenic 
fungi against H. halys. These fungi can serve as parasites to their insect host, by either 
killing them or seriously disabling them (Rombach et al. 1986, Sevim et al. 2013). In a 
laboratory study that tested the lethality of several entomopathogenic isolates on H. halys, 
the fungal spores were grown on a potato dextrose agar (Gouli et al. 2012). Viable 
conidia were prepared in a 0.02% polysiloxane polyether (Silwet L-77) solution (Gouli et 
al. 2012). The treatments were formulated at three different concentrations: 1.0 × 106, 5.0 
× 106 and 1 × 107 conidia mL-1 (Gouli et al. 2012) . The controls were sterile water, a 
0.02% Silwet solution, and no treatment (Gouli et al. 2012). Groups of five H. halys 
adults were placed in plastic containers at 70-75% relative humidity and sprayed with 1 
mL of the test suspension using a handheld atomizer then air dried (Gouli et al. 2012). 
The numbers of dead stink bugs were recorded 3, 6, 9, and 12 days post application 
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(Gouli et al. 2012). One Beauveria bassiana isolate, the active ingredient in Botanigard, 
was able to achieve 80% control in 9 days and 100% control after 12 days post treatment 
(Gouli et al. 2012). ERL5672 was the least effective Beauveria bassiana isolate, unable 
to achieve higher than 80% mortality (Gouli et al. 2012).   Another entomopathogenic 
fungus, Metarhizium anisopliae, killed 40-80% of stink bugs at 12 days at the highest 
concentration (Gouli et al. 2012). With more research, these fungi have the potential to 
achieve a significant mortality rate against H. halys in organic agriculture systems. 
Exclusionary screens are becoming a popular method of directly excluding pests 
that, like H. halys, are being unsustainably controlled with large amounts of expensive 
and environmentally harmful insecticides (Ausher 1997, Taylor et al. 2001). This control 
method is normally implemented by covering the protected crops with large screen 
houses in the field, forming a protective barrier that directly shields the plants from pests 
(Ausher 1997). These screens have proven to be very effective at increasing yields of 
tomatoes and profits for early adopters in Israel where they have managed to drastically 
lower the amount of insecticides required to control pest outbreaks (Taylor et al. 2001). 
Though these screens can be economically profitable, they do create a warm, moist 
microclimate that could create ideal conditions for small pests that are able to enter the 
screens while leaving their larger natural predators outside the screens (Ajwang et al. 
2002, Fatnassi et al. 2002). The screens can also reduce the amount of airflow and 
sunlight that reach the plant, potentially lowering their yield (Teitel and Shklyar 1998, 
Ajwang et al. 2002). However, in some areas, the stink bug pressure from H. halys could 
still be high enough to compensate for these negative effects and prove to be 
economically feasible. 
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Another promising sustainable control option for H. halys are parasitic wasps, 
notably in the genus Trissolcus, that are known to attack H. halys eggs in North America 
and in Asia (Roche , Nielsen and Hamilton 2009b). Parasitoids in this genus exclusively 
utilize insects in the superfamily Pentatomoidea as their hosts (Yang et al. 2009). It 
controls its host by ovipositing its own eggs into the Pentatomid eggs. The parasitoid 
larvae develop in and emerge from the Pentatomid eggs, killing the unhatched 
Pentatomids in the process. These parasitoids have demonstrated to be very effective at 
controlling H. halys in China, with some inducing mortality rates of up to 70% and 
producing over 10 generations per year (Lee et al. 2013b). Biological control 
investigations in the United States have observed that less than 5% of the H. halys 
populations are being controlled by parasitoids, leading researchers to believe that 
introduced parasitoids may provide higher levels of control in the U.S. (Aldrich et al. 
2007). 
Need for More Research 
 Though several organic control options are currently being explored by 
universities and government agencies in the U.S. (Mathews and Hallack 2012, Lee et al. 
2013b, Hunt 2015, Walgenbach 2015) even further research is needed in order to identify 
a range of effective options that can be utilized by organic farmers. A wide range of 
predators in the native environment, including lacewings, lady beetles, and pirate bugs 
(Quarles 2014), and some parasitoids from the family Scelionidae (Xu et al. 2014) have 
been observed feeding on or utilizing H. halys (primarily in the egg life-stage) but these 
natural enemies many be less efficient in areas where H. halys has newly invaded or 
where pesticides have been heavily utilized to suppress H. halys (Leskey et al. 2012b). 
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Pheromone traps and black lights serve as monitoring tools for H. halys but may not be 
effective as a direct control method (Lee et al. 2013b, Quarles 2014). Because of these 
limitations, more research is needed to identify pest management tactics that can be 
implemented in the near future and to identify important biological control agents that 
may already exist in the native ecosystem. My research will seek to assess viable 
predators/parasitoids that are already present in the environment and will contribute to the 
understanding and management of H. halys. My research will also investigate the optimal 
size of exclusionary screening that can provide a physical barrier between H. halys and 
protect plants while still allowing access of the natural enemies and an adequate amount 
of sunlight. Lastly, this research will test the effectiveness of an entomopathogenic 
fungus against H. halys in organic agricultural field, greenhouse, and lab settings. 
Research of this nature has the potential to provide growers with quick, effective options 
that will alleviate the damage caused by H. halys and augment strategies being developed 
at other institutions.  
Objectives 
1. Test different widths of screens over vegetable crops in their ability to exclude H. 
halys from protected plants while allowing the entry of beneficial insects and 
producing a high percentage of marketable crop. 
2. Determine the rate of egg parasitism and predation by native enemies on H. halys 
eggs in an organic production setting. 
3. Compare the mortality rates induced by Beauveria bassiana on H. halys in 
organically managed field, greenhouse, and lab settings. 
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CHAPTER 1 : IDENTIFYING THE OPTIMAL INSECT-PROOF SCREEN THAT 
EXCLUDES Halyomorpha halys AND PRODUCES THE HIGHEST 
PERCENTAGE OF MARKETABLE CROP IN ORGANIC VEGETABLE 
PRODUCTION 
 Conventional farmers are spraying large quantities of insecticides that include 
carbamates and neonicotinoids in order to control H. halys populations in their fields 
(Leskey et al. 2012c, Leskey et al. 2012b). These insecticides are known to disrupt 
agricultural ecosystems by targeting beneficial natural enemies and by posing adverse 
effects on pollinators, making them less appealing to many growers (Funayama 2012, 
Leskey et al. 2012b, Quarles 2014). Also, these products are not used by organic farmers 
due to their lack of approval from the Organic Materials Review Institute (OMRI). 
Instead, organic growers are utilizing approved organic insecticides. However, these 
products are expensive and do not provide the same mortality rates on H. halys as 
conventional insecticides (Lee et al. 2013b). Pyrethrins are mainly repellant to H. halys 
but they can be lethal (Lee et al. 2013b). Neem (azadirachtin) acts as an antifeedant and 
can reduce fecundity (Lee et al. 2013b, Lee et al. 2013a). 
An alternative organic control tactic is to use exclusionary barriers. One method 
of exclusionary control that is being utilized for insect pest management is the use of 
screens to physically keep pests separated from crops. This method of control has been 
widely adopted in Israel in response to the widespread  resistance to insecticides by the 
silverleaf whitefly [Bemisia tabaci (Gennadius) (Hemiptera, Aleyrodidae)] that transmits 
the tomato yellow leaf curl virus (TYLCV) to tomatoes (Ausher 1997, Taylor et al. 
2001). Various crops including date palms, tomatoes, and peppers are being protected 
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from pests by screen houses that are constructed in the field (Ausher 1997). Generally, 
50-mesh density screens (0.26mm wide screens) are used to protect crops from pests as 
small as western flower thrips and red spider mites (Ausher 1997). The screens have 
proven to be economically feasible in Israel. Growers that adopted the screens early saw 
profits rise due to their larger harvests and high inflation in the country (Taylor et al. 
2001). 
In order to test the effectiveness of these screens against H. halys, plastic screened 
cages with different mesh widths were evaluated in an organic field setting. To be 
practical for producers, the value of H. halys protection needs to exceed the cost of 
materials and labor. In addition, screens may create other conditions, such as over or 
under shading of the plants, that could affect the final yield and these characteristics also 
need to be monitored. Screens are likely to create a microclimate that is warm and humid 
compared to the open field, similar to the environmental conditions created by a 
greenhouse (Teitel and Shklyar 1998, Ajwang et al. 2002, Fatnassi et al. 2002) and even 
screens with small mesh widths could be large enough to allow the entry of small pests. 
Pests that are likely to take advantage of these optimal conditions include soft bodied 
pests such as aphids, thrips, and whiteflies (Bessin et al. 1997). These pests are small 
enough to fit through various sizes of mesh while their larger predators, including lady 
beetles and lacewings, may be too large to follow them. Certain screen sizes could shield 
pests from their natural enemies, promoting pest outbreaks, and allowing them to 
potentially cause more harm to the crop than they would have without the screens. 
Secondary pest outbreaks are generally documented after pesticide applications disrupt 
the efficacy of natural predators or the pest develops some type of resistance to a 
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particular pesticide (Kinzer et al. 1977, Shepard et al. 1977, Morrison et al. 1979, Hardin 
et al. 1995) but by excluding predators from the inside of the screens, the screens could 
reduce the activity of the predators, promoting pest populations in similar ways. The 
target pest in this case is H. halys, a stink bug that can grow to 12mm in length (Rutgers 
2015), making it a larger pest than aphids, thrips, or whiteflies. When targeting this pest 
for exclusion, screens can be utilized that inhibit H. halys but allow the entry of relatively 
smaller predators that could subsequently control any small pests inside the cages. In this 
way, the large size of H. halys increases the effectiveness of screens used against it 
within IPM programs. 
Screens can also reduce sunlight and the darker the screen, the greater the shading 
effect and potential reduction in yield or quality (Ajwang et al. 2002). The ideal screen 
would possess a small enough mesh size to exclude H. halys but a large enough mesh to 
allow passage to the greatest diversity of natural enemies, create minimal shading on the 
crop, and have a minimum lifespan of at least 5 to 8 years to reduce costs. These qualities 
would allow a grower to easily add the screens to a pre-existing IPM program with 
minimal interference to the established ecosystem.  
H. halys feeds on a wide range of crops, including row crops, fruits, and 
ornamentals but is also known to feed on several types of vegetable crops (Yang et al. 
2009, Lee et al. 2013b). Preferred vegetable hosts include sweet corn and beans but it 
also feeds on tomatoes, peppers, and eggplants (Kuhar et al. 2012). Though sweet corn 
and beans are preferred hosts, these trials did not utilize these plants because they do not 
become attractive to H. halys until late in the growing season, limiting the amount of time 
available to document the effectiveness of insect-proof screens (Kuhar et al. 2012). 
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Instead, bell peppers were utilized during the insect-proof screen trials, due to their low 
labor requirements, their long period of attractiveness to H. halys, and their continual 
production of fruit (Kuhar et al. 2012). The screen treatments were tested over bell 
peppers in an organic research field at the University of Kentucky. 
Methods and Materials 
 The screen trials were carried out at the University of Kentucky Horticultural 
Research Farm (37°58'22.55"N, 84°32'11.45"W) on organic land during the summer 
growing seasons of 2013 and 2014. During the spring months, untreated bell pepper 
(Capsicum annuum) seeds (‘Aristotle,’ Seedway, Hall, NY) were grown in 72-cell trays 
in Organic Grow Mix, according to recommended organic practices in the organic 
greenhouses on the farm. Prior to plant bed preparation, organic nitrogen fertilizer 
(Fertrell 4-2-4) was incorporated into the 0.08 hectare field site to a depth of 15cm using 
a rotary tiller at a rate of 89.7 Kg N/hectare. Then, 4 pairs of plastic beds, with underlying 
drip tape, were laid in the field using a plastic mulch layer. The plastic beds were 55m 
long in 2013 and extended to 61m in 2014 in order to accommodate other studies in the 
field. In both years, the pairs of rows were separated from one another by 122cm and 
within a pair, the rows were separated by 46cm. The peppers were transplanted into the 
field using a water-wheel setter on May 14 in 2013 and on May 20 in 2014. The peppers 
were planted in offset double rows on each plastic bed with 46cm between the rows on a 
bed and 38cm between the plants within a row. Soil was placed around each plant in 
order to prop them off the hot plastic. Landscape fabric was stapled to the ground 
between with plastic beds with 15cm by 5cm sod staples to reduce the amount of 
weeding required throughout the study.  
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 Prior to these screen studies, preliminary laboratory trials were conducted by Dr. 
Ric Bessin of the University of Kentucky entomology department to determine which 
screen widths were the most likely to exclude H. halys and he concluded that screens 
with a 0.42cm mesh, a 0.32cm mesh (Industrial Netting, Minneapolis, MN), and a 
0.10cm fine mesh 30% woven shade cloth (Shade Cloth Store, Libertyville, IL) were the 
best candidates. The fine mesh is designed to block 30% of light from reaching plants 
under the screen. In order to test these treatments in the field, the screens (along with 
unscreened control plots) were arranged in the field in a randomized complete block 
design, with the first block placed at the end of the rows and 2m between each block.  
Cages were constructed for the screens that covered both rows in a pair, enclosing 24 
pepper plants. Each cage was 2m by 2m and approximately 1m in height. The cage 
frames were composed of 2 overlapping pieces of 5m long, 1cm wide reinforcing rebar, 
each end driven into the plastic row to a depth of 20cm. The dome-shaped frames were 
secured at their top by electrical wire where the rebar pieces overlapped and the wire was 
wrapped around the circumference of the frame to keep the screens from sagging onto the 
plants. Control plots did not contain a cage but were flagged at the corners to outline the 
plots. The screen treatments were cut into 4m by 5m pieces and draped over the cage 
frames. The screens were secured to the ground using 14 paving stones per cage, spaced 
equally around the perimeter. A total of 20 treatment plots were tested in 2013 and 2014. 
Black fine mesh was tested in 2013 but due to excessive shading and yield reduction it 
was replaced with a similar weave, white fine mesh in 2014. The screens were deployed 
in the field on May 23 in 2013 and May 27 in 2014 (Figure 1.1). 
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 In order to survey natural predators present within the plots, one 15cm by 30cm 
yellow sticky card (Great Lakes IPM, Vestaburg, MI) was placed inside each plot on a 
46cm wooden stake. The yellow sticky cards were placed in the middle of the western 
raised bed within each plot, with the card positioned parallel to the rows of peppers. 
These yellow sticky cards were collected and replaced in the field weekly from June 6 to 
August 22 in 2013 and from June 12 to August 28 in 2014. Sticky cards were collected, 
labelled, covered with thin plastic film (Saran Premium Wrap), and stored in a cooler 
until the cards could be analyzed. All natural enemies caught on the cards were identified 
to family level. 
 Plants within each plot were examined weekly to monitor for H. halys and native 
stink bugs that were able to enter the plots. The four middle plants in each plot were 
thoroughly searched and the species and life stage of any stink bug identified in the plots 
were recorded. 
 Peppers were harvested from all the plants in each  plot 3 times each year to 
assess overall yield, fruit size, marketability, and various types of damage to the pepper 
crop. Number and total weight of the peppers from each plot were recorded. In 2013, 
peppers that were undamaged and retained a marketable shape were then divided into 
size categories of extra-large, large, medium, and small. Extra-large and large peppers 
correspond with the USDA size ranking of “fancy,” medium peppers correspond with the 
“No.1” size designation, and small peppers correspond with “No 2” peppers. In 2014, 
regardless of damage status or shape, all peppers were divided into these same size 
categories. The number of culled, or unmarketable, peppers were recorded for each plot. 
The incidence of damage inflicted on the peppers, including stink bug damage, insect 
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chewing damage, and sunscald were documented for each plot. Stink bug feeding sites 
were counted on damaged peppers in order to ascertain stink bug damage severity. 
Harvest dates in 2013 were July 15-17, July 30, and August 12. Harvest dates in 2014 
were July 8-10, July 22-23, and August 12-13. 
 SAS 9.3 (SAS Institute 2011) was utilized to run a MMANOVA (Mixed Model 
Analysis of Variance) for the yellow sticky card data and data collected from pepper 
harvests, using a macro developed by Arnold Saxton, a professor in the Department of 
Animal Science at the University of Tennessee (Saxton and Auge 2014). Fixed variables 
included year and treatment while random variables included row and year. The 
proportion of peppers damaged by stink bugs was arcsine square root transformed in 
order to normalize the distribution of variance. The number of beneficial insects 
identified on sticky cards was square root transformed due to unequal variance. A Tukey 
means separation test was used to identify significant differences between treatment 
effects (SAS Institute 2011) at the p=0.05 level of significance. 
Results 
 The fewest beneficial insects were identified inside the fine mesh and 0.32cm 
mesh plots and the most beneficial insects were identified in the open plots (Table 1.1). 
The number of beneficial insects identified in the 0.42cm mesh plots and the 0.32cm 
mesh plots were not significantly different. Significantly more Coccinellids, Syrphids, 
and Dolichopodids were identified in the open plots but the numbers found within caged 
plots were not significantly different from one another. The number of Anthocorids 
identified was not significantly different between all treatment plots. 
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 Coccinellid predators were present throughout the summers of 2013 and 2014 
though their numbers do not appear to peak around a common date between the two years 
(Figure 1.2). In 2013, their numbers are at their highest in early July while their numbers 
appear to increase steadily through August in 2014. Syrphid fly numbers appear to peak 
around July 1st during both 2013 and 2014. Neither Anthocorids nor Dolichopodids were 
identified on the yellow sticky cards in 2013. In 2014, Dolichopodidae numbers peak 
right after July 1st and Anthocoridae numbers peak in mid-July. 
 No stink bugs were visually identified inside the screen treatments in 2013 (Table 
1.2). In 2014, 3 stink bugs were identified in the 0.32cm screen plots and 3 were 
identified in the 0.42cm screen plots. All stink bugs identified in the 0.32cm screen plots 
were C. hilaris (one 2nd instar, one 3rd instar, and one adult). One 3rd instar C. hilaris was 
identified in the 0.42cm mesh plots. The other 2 stink bugs that were identified in the 
0.42cm screen plots were adult E. servus. Only one adult H. halys was identified in the 
open plots and no stink bugs were identified in the fine mesh plots. 
 Overall, unscreened and fine mesh plots produced the highest pepper yields, in 
both raw numbers of peppers and in overall weight (Table 1.3). The number of 
marketable peppers (those without damage) was not significantly different between 
treatments, though numerically unscreened plots produced the most marketable fruit. The 
unscreened and 0.42cm mesh plots produced significantly lower percentages of 
marketable fruit than the other treatments. The percent marketable yield between the 
screened treatments was not significantly different. 
 The number of fancy and No. 2 peppers produced in the plots were not 
significantly different between treatments (Table 1.4). Only No. 1 peppers exhibited a 
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significant trend with the unscreened and fine mesh plots producing significantly larger 
fruit than the other treatments. 
 Most of the peppers fed on by stink bugs were concentrated in the unscreened and 
0.32cm mesh plots, though stink bug damage incidence was not significantly different 
between the screened plots (Table 1.5). The severity of stink bug damage was also 
highest in the unscreened and 0.32cm mesh plots. The number of peppers with chewing 
damage was highest in the unscreened and 0.42cm mesh plots, though incidence between 
the treatment plots was not significantly different. Incidence of sunscald was significantly 
higher in unscreened plots. Sunscald between screened plots was not significantly 
different. 
 Unscreened and 0.32cm mesh plots received the highest percentage of stink bug 
damage though the 0.32cm mesh and 0.42cm mesh plots were not significantly different 
(Figure 1.3). The fine mesh plots produced the lowest percentage of stink bug damaged 
peppers but was not significantly different from the 0.42cm mesh plots. These same 
trends are seen during the individual pepper harvests of 2014. In 2013, the 0.42cm mesh 
plots contained as many stink bug damaged peppers as the 0.32cm mesh plots. 
 The unscreened and 0.42cm plots produced significantly less marketable fruit 
than the screened plots (Figure 1.4). The percentage of marketable fruit produced 
between screen treatments was not significantly different. The highest percentage of 
marketable fruit was produced by the fine mesh plots (78%) and the lowest percentage 
was produced by the unscreened plots (66%). 
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Discussion 
 Natural enemies do appear to be somewhat excluded by screened treatments, 
especially by the finer screens. Coccinellids, which are known to feed on H. halys egg 
masses and a diverse range of pests (Quarles 2014), were significantly excluded from the 
screened treatments. This exclusion could prevent Coccinellids from controlling pests 
that are able to move through the screens. This raises the potential for small pests to 
multiple under the screens with less biological control, possibly damaging the crop and 
lowering the final yield. An outbreak of aphids did occur under the white, fine mesh 
screens in 2014, supporting the evidence that finer mesh screens, by excluding some 
natural enemies, could create an optimal environment in which small pests can 
proliferate. Dolichopodids, which are known to feed on aphids (Rathman et al. 1988), 
were significantly excluded from the screened cages. Their absence could have allowed 
the aphids to multiple to larger populations within the finer mesh screens. Another group 
of aphid predators, Syrphid flies (Bugg 2008), were significantly deterred from the 
screened plots, lowering their effectiveness against aphids in the screened plots. 
However, not all of the identified beneficial insects were deterred by the screened plots. 
Anthocorids are small predators that feed on a wide range of soft-bodied arthropods 
(Horton 2008) and their numbers did not significantly differ between the treatment plots. 
Their small size may allow them to enter all plots equally and control any pests inside the 
plots. Though these predators are able to enter the cages, the loss of other predators may 
allow pests to multiple despite the presence of Anthocorids. 
 Coccinellid predators seem to be present throughout the summer months. This 
characteristic could allow them to control a diverse range of pests that peak at various 
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times over the course of the summer, making this insect a valuable generalist predator 
within this ecosystem. Their exclusion from the finer mesh cages could release various 
kinds of pests that are able to enter these screens from Coccinellid control. Syrphids, 
Anthocorids, and Dolichopodids all peak during early to mid-July. The exclusion of any 
of these predators could allow pests to proliferate under the screens during this time 
period (such as aphids), adversely affecting subsequent harvests. 
 Very low numbers of stink bugs were identified in the plots, even though stink 
bug damage on the peppers suggested they were able to enter some of the screened plots. 
One reason for the conspicuous absence of H. halys could be due to its dropping behavior 
in response to approaching footsteps and shadows (Lee et al. 2013b). This dropping 
behavior allows them to evade predators and visual detection on foliage, causing the 
number of identified stink bugs in the plots to fall. Also, searches for stink bugs were 
conducted during the daytime when H. halys is known to be less active (Quarles 2014), 
further reducing the number of stink bugs visually identified in the plots. The density of 
the foliage inside the small, screened cages likely reduced the stink bug searching 
efficiency as well. Most stink bugs were located in the 0.32cm mesh and 0.42cm mesh 
plots (3 stink bugs per treatment). Three of these stink bugs were small instars, making 
them more likely to be able to pass through the screen mesh. Their higher occurrence in 
these plots could also be due to the exclusion of natural predators that are unable to enter 
the plots and control them. One large insect predator that is likely to be excluded by these 
screens are Reduviids, which are known to attack H. halys nymphs (Lee et al. 2013b). 
Because they are larger than their prey, H. halys nymphs could gain refuge under the 
screens. Stink bugs were not identified in fine mesh plots. This evidence, along with the 
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lower percentage of stink bug damage from the fine mesh plots, suggests that stink bugs 
are successfully excluded from the fine mesh plots. 
 Numerically, unscreened and fine mesh plots were able to produce more fruit 
overall (in numbers and weight) and produce a higher number of marketable fruit than the 
other treatments. The unscreened plots may have produced higher yields by allowing 
ample sunlight to reach the plants (Ajwang et al. 2002) and the fine mesh plots, by 
excluding pests, could have allowed the plants to produce more fruit. However, the 
percentages of marketable fruit produced by unscreened and 0.42cm mesh plots were 
significantly lower than the percentage produced by the other plots. The 0.42cm mesh 
and unscreened plots left the crop exposed to damage from insects and direct sunlight, 
allowing a larger portion of the crop to be rendered unmarketable. Finer screened plots, 
were better able to protect the peppers from damage and retain a larger percentage of 
marketable crop. 
 Peppers produced by unscreened and fine mesh plots were larger than peppers 
from other plots but this trend was only significant for peppers in the No. 1 size 
designation. Peppers grown in environments with ample sunlight or high protection from 
insect damage may tend to be larger than those grown under more medium mesh screens 
but because the difference is only significant for the median size designation, the size 
discrepancy may be trivial to growers. 
 The highest numbers of peppers with stink bug damage and the highest number of 
stink bug feeding sites were both produced in the unscreened and 0.32cm mesh plots. The 
higher incidence of stink bug related damage under the 0.32cm mesh treatments could 
have been due to the ability of stink bugs to enter these screens while leaving their natural 
25 
enemies excluded or smaller instars could have entered the screens and become trapped 
when they grew larger, concentrating larger populations inside the 0.32cm mesh plots. 
This same trend is observed when comparing the percentage of peppers with stink bug 
damage between treatments. The 0.42cm mesh plots supported more peppers with stink 
bug damage in 2013, likely due to the higher stink bug pressure during that year. This 
suggests that screens with larger meshes may not be able to effectively protect the fruit 
during years of high stink bug populations. Chewing damage tended to increase with 
mesh width, suggesting that chewing insects were excluded by the finer screen 
treatments. Incidence of sunscald was significantly lower in screened plots, suggesting 
that the screens are able to block sunlight that might otherwise have externally damaged 
the peppers. 
 Unscreened plots were able to produce high quantities of large produce during 
these trials, seemingly due to their lack of shading on the plants. However, they offered 
no protection against insect pests and sunscald, causing a large percentage of the crop to 
be rendered unmarketable. Even the open access to the pests for natural enemies did not 
compensate for the large percentage of unmarketable fruit.  
Medium width screens (0.42cm and 0.32cm) produced a larger percentage of 
marketable fruit. However, stink bugs were found more commonly inside these plots, 
especially in the 0.32cm plots where a large portion of stink bug damage occurred. 
Though these screens provide some protection against the sun and insect pests, they can 
create situations where stink bugs are able to enter the screens and leave their natural 
enemies behind, increasing the amount of damage they inflict on the peppers.  
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Fine mesh treatments produced the highest percentage of marketable fruit while 
successfully excluding insect predators and harmful levels of sunlight. Finer meshes can 
over-shade the plants however, reducing the numerical yield. This was observed in 2013 
when dark fine mesh screens were tested in the field. This issue can be addressed by 
using a lighter color fine mesh screen, as was used in 2014. The largest downside to the 
fine mesh screens seems to be their exclusion of natural enemies from the crops, creating 
an ideal environment for small insect pests to thrive, as was observed in 2014. This 
caveat may cause the finer mesh screens to only be economically feasible in regions with 
high stink bug pressure and growers are willing to accept the risk of secondary pest 
outbreaks. By understanding the downsides and benefits associated with each screen 
treatment, growers will be able to select the control option that best addresses their 
situation and priorities.
 Table 1.1 Average number of beneficial insects recorded on yellow sticky cards placed weekly inside plots of ‘Aristotle’ variety 
peppers enclosed in insect-proof screen treatments at the University of Kentucky Horticultural Research Farm during the summers of 
2013 and 2014.  
Treatment 
Mean total 
beneficial insects1 
Mean number 
Coccinellidae 
Mean number 
Syrphidae 
Mean number 
Anthocoridae 
Mean number 
Dolichopodidae 
0.10cm Fine Mesh 0.425±0.700 c 0.092±0.074 b 0.025±0.127 b 0.217±0.102 0.117±1.415 b 
0.32cm Mesh 2.749±0.706 bc 0.164±0.075 b 0.203±0.128 b 0.317±0.102 4.383±1.415 b 
0.42cm Mesh 3.150±0.700 b 0.317±0.074 b 0.358±0.127 b 0.317±0.102 4.533±1.415 b 
No Screen 9.442±0.697 a 0.834±0.074 a 1.649±0.127 a 0.217±0.102 13.433±1.415 a 
p; df p<0.01; 3, 471 p<0.01; 3, 463 p<0.01; 3, 471 p=0.81; 3, 236 p<0.01; 3, 236 
A Mixed Model Analysis of Variance (MMANOVA) test and a Tukey means separation (SAS Institute 2011) was performed on the 
data set. Means within a column with a letter in common are not significantly different (Tukey p<0.05). 
1Beneficial insects included lady beetles, hover flies, lacewings, damsel bugs, damselflies, pirate bugs, long-legged flies, big eyed 
bugs, ground beetles, and spined soldier bugs. 
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Table 1.2 Total number and life-stage of stink bugs recorded during weekly examinations 
of ‘Aristotle’ variety peppers enclosed in insect-proof screen treatments at the University 
of Kentucky Horticultural Research Farm during the summer of 2014. 
Stink bug 
species 
Screen type treatment 
0.10cm Fine 
Mesh 
0.32cm Mesh 0.42cm Mesh No Screen 
H. halys 0 0 0 1 
C. hilaris 0 1**, 1***, 1 1*** 0 
E. servus 0 0 2 0 
(*=1st instar, **=2nd instar, ***=3rd instar, etc.; bold=adult) 
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Table 1.3 Mean yield of ‘Aristotle’ peppers enclosed in insect-proof screen treatments at 
the University of Kentucky Horticultural Research Farm during the summers of 2013 and 
2014. 
Treatment 
Total Yield 
(no./treatment) 
Total Yield 
(kg/treatment) 
Marketable 
Yield 
(no./treatment) 
% Marketable 
Yield 
(no./treatment) 
0.10cm 
Fine Mesh 
50.13±3.372 ab 8.11±1.311 ab 38.33±3.050 78.20±2.41 a 
0.32cm 
Mesh 
47.40±3.372 b 7.85±1.311 b 36.40±3.050 76.58±2.47 a 
0.42cm 
Mesh 
46.72±3.499 b 7.91±1.361 b 34.75±3.166 74.95±2.62 ab 
No Screen 61.50±3.371 a 10.23±1.311 a 41.33±3.050 66.24±2.76 b 
p-value; df p<0.01; 3, 110 p=0.01; 3, 110 p=0.47; 3, 110 p<0.01; 3, 110 
A Mixed Model Analysis of Variance (MMANOVA) test and a Tukey means 
separation (SAS Institute 2011) was performed on the data set. Percentage of 
marketable peppers was arcsine square root transformed in order to normalize 
variances. Means within a column with a letter in common are not significantly 
different (Tukey p<0.05). 
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Table 1.4 Mean number of USDA size grades of ‘Aristotle’ variety peppers harvested 
from insect-proof screen treatments at the University of Kentucky Horticultural Research 
Farm during the summers of 2013 and 2014. 
 USDA Grade 
Treatment Fancy 
(no./treatment) 
No. 1 (no./treatment) No. 2 (no./treatment) 
0.10cm Fine Mesh 15.67±2.25 21.83±2.36 ab 7.73±1.03 
0.32cm Mesh 16.53±2.25 18.80±2.36 b 7.53±1.03 
0.42cm Mesh 13.98±2.34 20.26±2.45 b 6.85±1.07 
No Screen 18.53±2.25 29.30±2.36 a 9.27±1.03 
p; df p=0.56; 3, 110 p=0.01; 3, 110 p=0.41; 3, 110 
A Mixed Model Analysis of Variance (MMANOVA) test and Tukey means separation 
(SAS Institute 2011) was performed on the data set. Means within a column with a 
letter in common are not significantly different (Tukey p<0.05). 
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Table 1.5 Summary of damage inflicted on ‘Aristotle’ variety peppers harvested from 
insect-proof screen treatments at the University of Kentucky Horticultural Research Farm 
during the summers of 2013 and 2014. 
Treatment 
Total Peppers 
with Stink Bug 
Damage 
(no./treatment) 
Severity of SB 
Damage (no. of 
feeding 
sites/treatment) 
Total Peppers 
with Chewing 
Damage 
(no./treatment) 
Total Peppers 
with Sunscald 
(no./treatment) 
0.10cm Fine 
Mesh 
0.77±0.90 b 7.37±7.41 b 3.03±0.68 0.27±1.24 b 
0.32cm Mesh 3.23±0.90 ab 32.90±7.41 ab 3.23±0.68 0.90±1.24 b 
0.42cm Mesh 1.74±0.93 b 13.15±7.69 b 4.05±0.71 2.36±1.29 b 
No Screen 5.67±0.90 a 43.50±7.41 a 5.27±0.68 7.97±1.24 a 
p; df p<0.01; 3, 110 p<0.01; 3, 110 p=0.09; 3, 102.3 p<0.01; 3, 110 
A Mixed Model Analysis of Variance (MMANOVA) test and a Tukey means 
separation (SAS Institute 2011) was performed on the data set. Percentage of peppers 
with stink bug damage was arcsine transformed in order to normalize variances. Means 
within a column with a letter in common are not significantly different (Tukey p<0.05). 
SB=stink bug 
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Figure 1.1 Experimental layout of (Top) cages for Mycotrol O field trials, (Middle) 
stations for stink bug sentinel egg mass natural enemy surveys, and (Bottom) 
exclusionary screen cages on 8 paired rows of ‘Aristotle’ variety peppers at the 
University of Kentucky Horticulture Research Farm during the summers of 2013 and 
2014.  
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Figure 1.2 Mean occurrence of Coccinellidae, Syrphidae, Anthocoridae, and 
Dolichopodidae on yellow sticky cards placed weekly inside insect-proof screen 
treatments of ‘Aristotle’ variety peppers at the University of Kentucky Horticulture 
Research Farm across the summers of 2013 and 2014. Anthocorids and Dolichopodids 
were not recorded in 2013. 
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Figure 1.3 Mean percentage of ‘Aristotle’ variety peppers harvested from insect-proof 
screen treatments at the University of Kentucky Horticultural Research Farm during the 
summers of 2013 and 2014 that exhibited external stink bug feeding damage. A Mixed 
Model Analysis of Variance (MMANOVA) test and Tukey means separation (SAS 
Institute 2011) were performed on the data set. Percentage of peppers with stink bug 
damage was arcsine transformed in order to normalize variances. Bars with a letter in 
common are not significantly different (Tukey p<0.05). SB=stink bug.   
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Figure 1.4 Mean percentage of marketable ‘Aristotle’ variety peppers harvested from 
insect-proof screen treatments at the University of Kentucky Horticultural Research Farm 
during the summers of 2013 and 2014. A Mixed Model Analysis of Variance 
(MMANOVA) test and Tukey means separation (SAS Institute 2011) were performed on 
the data set. Percentage of marketable peppers was arcsine transformed in order to 
normalize variances. Bars with a letter in common are not significantly different (Tukey 
p<0.05).  
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CHAPTER 2 : DETERMINING THE LEVEL OF BIOLOGICAL CONTROL 
FROM NATIVE PREDATORS AND PARASITOIDS ON THE EGGS OF 
Halyomorpha halys IN KENTUCKY 
  Whenever a new, destructive pest such as Halyomorpha halys enters a non-native 
region, one of the first tactics explored to sustainably control the pest is to investigate 
effective natural enemies present in the native range of the pest and determine if they 
could also effectively control the pest in the new region if imported (Van Lenteren et al. 
2006). After surveying the natural enemies that control H. halys in Asia, researchers 
identified Trissolcus japonicus (Ashmead), a parasitic wasp, as a potential candidate for 
introduction into the United States to control H. halys (Yang et al. 2009). However, non-
native natural enemies must undergo a rigorous screening and quarantine period to 
determine not only their ability to significantly control the intended pest’s populations but 
also to uncover if the natural enemy will exhibit negative characteristics, such as 
attacking non-target, native species or becoming a pest itself (Messing and Wright 2006). 
T. japonicus has been under observation at a U.S. quarantine facility since 2007 (Talamas 
et al. 2015) and has been observed utilizing non-target, native stink bugs, including the 
predatory spined soldier bug, Podisus maculiventris (Hoelmer and Dieckhoff 2013). Due 
to the long quarantine period that delays the implementation of the control agent and the 
risk posed by exotic natural enemies to exhibit negative, unexpected consequences in the 
new region, the efficacy of native natural enemies against H. halys should be 
investigated. These native natural enemies would already be present in the target 
landscape and established within the native ecosystem. Conservation biological control, 
or habitat manipulation intended to bolster the populations of natural enemies, could be 
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employed by growers to support natural enemies identified to effectively control H. halys 
(Landis et al. 2000). 
In order to survey if any native natural enemies present in the invaded range of H. 
halys are already exerting a baseline level of control, sentinel egg masses were placed in 
an organic field setting then analyzed for any evidence of natural enemy damage. The 
egg life stage of H. halys is stationary, making it easy to manipulate and track in a field 
setting. Egg fragments and feeding tubes would provide evidence of chewing and sucking 
predators utilizing the eggs respectively. Some of these predators could include 
lacewings, lady beetles, minute pirate bugs, and big-eyed bugs (Quarles 2014). Egg 
parasitoids that use stink bug eggs to complete their development could also be identified 
when they emerge from the parasitized egg masses. Some of these parasitoids could 
include members of the family, Platygastridae (formerly Scelionidae), which are known 
egg parasitoids of Pentatomoidea (Xu et al. 2014).  
Sentinel egg masses produced by colonies were utilized because, unlike wild-
caught egg masses that may be difficult to find, they could be deployed in large numbers, 
providing increased likelihood to detect natural enemies than a lower number of naturally 
collected egg masses (Jones et al. 2014). Also, it is important to know the age of egg 
masses being used to detect parasitoids in the field because some parasitoids utilize the 
eggs only when they are at certain ages and characteristics (such as size) of the resulting 
parasitoids may be affected by the age of the egg mass (Miura and Kobayashi 1998). The 
age of sentinel egg masses can be monitored unlike wild-caught eggs that could be too 
old for a parasitoid to utilize.  
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Sentinel egg masses of two native stink bug pests, Chinavia hilaris and 
Euschistus servus, were also placed in the research fields and collected for analysis in 
order to survey for the presence of natural enemies that utilize native stink bug eggs. This 
will allow a comparison to be made between the natural enemy relative pressure exerted 
on native stink bug eggs versus the eggs of H. halys and any discrepancies can 
subsequently be investigated. Parasitoid wasps in the genera Trissolcus, Anastatus, and 
Telenomus are known to utilize both C. hilaris and E. servus eggs (Tillman 2010, 
Kamminga et al. 2012a). These parasitoids are often able to control a significant portion 
of the stink bug egg population, with 47% of C. hilaris eggs parasitized in a survey of 
crops in the mid-Atlantic states (Kamminga et al. 2012a) and 75% of E. servus eggs 
parasitized by Telenomus podisi in the wild (Tillman 2010). C. hilaris and E. servus eggs 
are generally targeted by chewing predators more than they are by sucking predators 
(Tillman 2010). Some of these observed chewing predators include the lady beetles 
Hippodamia convergens, Coccinella septempunctata, Coleomegilla maculata, and 
Harmonia axyridis, larvae of the green lacewing, Chrysoperla carnea, and Orthopterans 
while known sucking predators include Orius spp., Geocoris spp., and Podisus 
maculiventris. (Tillman 2010).  
Methods and Materials 
 Separate colonies of Halyomorpha halys, Chinavia hilaris, and Euschistus servus 
were maintained in a greenhouse on the University of Kentucky campus in Lexington, 
KY. Colony specimens were gathered on the University of Kentucky campus, at the 
University of Kentucky Horticultural Research Farm (37°58'22.55"N, 84°32'11.45"W), 
and at the University of Kentucky Spindletop Research Farm (38° 7'38.95"N, 
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84°30'40.87"W) during the spring months of 2013 and 2014.  Colonies were kept inside 
insect tents (BugDorm-2120F, MegaView Science Co.) at 24°C and a 16:8 L:D cycle. 
Bean plants (‘Rattlesnake’ Garden Beans, Southern States, Richmond VA), potted in Pro-
Mix potting soil (Pro-Mix BX Mycorrhizae), served as the primary food source of the 
colonies and were fertilized with Ultrasol Multipurpose Plus 20-10-20 weekly. Carrots 
were used as a supplementary food source as they promote stink bug egg production (T. 
Leskey, personal communication). 
 Every Monday, egg masses that were laid over the weekend were transferred, still 
attached to the leaves on which they were laid, to a 31cm by 23cm by 10cm clear 
container with lid (Pioneer Plastics) in a lab incubator at 27°C and a 15:9 L:D cycle. 
Containers were lined with paper towels and provisioned with carrots and moist paper 
towels for humidity. Once the stink bugs reached the second instar, they were transferred 
back to the greenhouse to resupply the colonies. 
 Eggs masses collected during the other week days were removed from the 
colonies by removing the part of the leaf that held the egg mass. If egg masses were laid 
on non-leaf substrates, they were scraped off using a pocket knife and put in the lab 
incubator with the weekend egg masses. Egg masses attached to leaves on Tuesdays and 
Wednesdays were put in petri dishes, labeled with the date and with a ‘stored’ 
designation, and kept in a refrigerator at approximately 3°C to delay their development. 
Egg masses collected on Thursday and Friday received the same treatment but were 
labelled as ‘fresh’ eggs.  
 Every Friday, all of the eggs stored in the refrigerator were taken to the University 
of Kentucky Horticultural Research Farm. During 2013 and 2014, sentinel egg masses 
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were placed in the field every week during the summer months, provided that the stink 
bug colonies produced at least 12 egg masses to place in the field. If they did not produce 
at least 12 egg masses during one week, the egg masses that were successfully produced 
were stored until the minimum number of egg masses was obtained for the field. By 
doing this, the peak activity time of stink bug egg predators or parasitoids could be 
identified. Before deployment into the fields, each egg mass was paired with a petri dish 
labeled with the stink bug species, number of eggs in the mass, and the appropriate 
stored/fresh designation. They were placed in the ‘Aristotle’ bell pepper field and in a 
certified organic apple orchard of mixed disease-resistant varieties. Egg masses were 
separated from one another by at least 3m, pinned underneath foliage with an insect pin, 
and marked with a research flag (Figure 1.1). Egg masses were left in the field until the 
following Monday, allowing time for natural enemies to utilize the egg masses but not 
long enough for most of the stink bug eggs to hatch.  Each Monday, the egg masses were 
retrieved from the field and placed in their respective petri dish, labeled with the 
collection date. The egg masses and petri dishes were stored inside a 31cm by 23cm 
by10cm clear container with lid (Pioneer Plastics) and an open petri dish of water to 
maintain humidity for 6 weeks at approximately 30°C. This time period allowed any 
parasitoids that might have been present to successfully emerge from the egg masses. 
 After 6 weeks, each egg mass was inspected under a microscope. Any eggs 
missing from the original total were noted along with the number of stink bugs that 
successfully hatched from the eggs. Any evidence of chewing or sucking predator 
damage, such as egg fragments and feeding tubes, were recorded. Successful parasitoid 
emergence was recorded and representative emerged parasitoid morphotypes were 
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subsequently shipped to Christine Dieckhoff at the USDA-ARS Beneficial Insects 
Introduction Research lab at the University of Delaware for official identification. The 
rest of the unhatched eggs that did not display obvious signs of damage were designated 
as either white or dark eggs. All dark eggs were suspected to contain un-emerged 
parasitoids and were dissected in 2014, but not in 2013. Dark eggs were dissected by 
holding the egg in place with forceps while a “Number 2” insect pin was used to crack 
open a hole at the top of the egg. Dissected eggs were determined to contain either an 
unhatched parasitoid, an unhatched stink bug, or unidentifiable black goo. White eggs 
were assumed to contain unhatched stink bugs and were not dissected either year. 
 SAS 9.3 was used to run an ANOVA and a Fisher’s Least Significant Difference 
means separation test (SAS Institute 2011) on the 2014 sentinel egg mass data at a 
significance level of p=0.05. The percentage of parasitized eggs from which a parasitoid 
emerged data was arcsine square root transformed in order to normalize the variances. A 
chi-square test was used to determine if parasitoids preferentially emerged from fresh or 
stored sentinel egg masses for each species of stink bug at a significance level of p=0.05. 
Results 
All recovered sentinel eggs deployed as individual masses in the field in 2013 and 
2014 were inspected under a microscope and separated into egg fate categories based on 
external signs of damage or appearance (Table 2.1). If the entire egg mass was missing in 
the field or if some eggs that were part of the original egg mass were gone when the egg 
mass was collected from the field, they were placed in the missing category. Each stink 
bug species had between 8% and 9% of its eggs fall into this category. 
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 External evidence of predator damage was divided into chewing and sucking 
predator categories. If portions of eggs were missing, with ragged edges around the 
openings and shell fragments present, the egg was assumed to have been consumed by a 
chewing predator (Figure 2.1). A sucking predator was assumed to have fed on an egg if 
it left a feeding tube or a small hole in the egg where it fed (Figure 2.2). According to this 
criteria, very little evidence of predator damage was observed in this study. Most of the 
chewing damage was inflicted on H. halys and C. hilaris eggs while all of the sucking 
damage was inflicted on C. hilaris and E. servus eggs. 
 Many of the eggs were able to successfully hatch. Even if the emerged nymph 
was not still present around the egg mass during the six week analysis, due to rare 
escapes into the field before collection, hatched eggs were identifiable due the presence 
of the egg breaker (Nielsen et al. 2008b) and by a perfectly rounded hole on the top of the 
egg from which the nymph emerged (Figure 2.3). For H. halys and C. hilaris, 29% and 
27% of the eggs respectively were able to hatch while only 15% of the E. servus eggs 
successfully hatched. 
 Eggs from which a parasitoid was able to emerge were not only identified by the 
presence of the emerged parasitoid adult, but were also identified by a darkened 
appearance and a jagged hole at the top of the egg from which the parasitoid emerged 
(Figure 2.4). Incidence of this complete cycle of parasitism was very low in the case of 
H. halys and C. hilaris, with parasitoids emerging from only 0.3% and 0.1% of the 
sentinel eggs available for parasitism placed in the field respectively. On the other hand, 
parasitoids emerged from 27.9% of the E. servus eggs available for parasitism placed in 
the field in 2013 and 2014. Emerged parasitoids were all identified to be Telenomus 
43 
podisi (Ashmead) (pictured in Figure 2.4) except for one parasitoid from E. servus which 
was identified as Trissolcus brochymenae (Ashmead) and the two samples from C. 
hilaris that were identified as Trissolcus euschisti (Ashmead). All of these wasps are egg 
parasitoids in the family Platygastridae (formerly Scelionidae) and are known to utilize 
the eggs of H. halys and native stink bugs (Tillman 2010, Jones et al. 2014). Voucher 
specimens of these parasitoids are at the USDA-ARS Beneficial Insects Introduction 
Research lab at the University of Delaware. 
 The rest of the unhatched eggs, which did not display any external damage, were 
divided into white and dark eggs. Darkened eggs potentially held parasitoids that were 
unable to emerge from the stink bug egg or the eggs had darkened with age. Darkened 
eggs in 2014 were dissected to determine their fate (Table 2.1). Examples of both white 
and dark eggs are exemplified in Figure 2.5. 
 Dark eggs that contained parasitoids are pictured in Figure 2.6 and eggs that 
contained undifferentiated black goo are shown in Figure 2.7. For the dark H. halys eggs, 
42% contained a parasitoid that was unable to emerge from the stink bug eggs. Fifty-
three percent of the dark C. hilaris eggs contained a parasitoid but these parasitized eggs 
were only 0.8% of the C. hilaris sentinel eggs available for parasitism in 2014, 
demonstrating a very tiny observed level of parasitism on C. hilaris. In comparison, 94% 
of the dark E. servus eggs contained a parasitoid in 2014.  
 Most of the sentinel eggs were recovered from the field throughout a large portion 
of 2013 but there is an increase in the incidence of missing eggs from all three stink bug 
species on the last retrieval date of August 19 (Figure 2.8). In 2014, the percentage of 
missing eggs for each of the stink bug species peaked on July 28 (Figure 2.9).  
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 Predator damage observed across the summers was very low, with predation 
peaking at 14 predation events on a single date in 2013 (Figure 2.10) and 8 predation 
events on a single date in 2014 (Figure 2.11). In 2013, predator activity was identified on 
E. servus and H. halys eggs, with evidence peaking on August 12. Incidence of predation 
on H. halys eggs also spiked on September 2 at 6 predation events. Of the 17 C. hilaris 
sentinel egg masses placed in the field in 2013, none carried any evidence of predation. 
 In 2014, each stink bug species experienced a peak in observed predation activity 
at various times over the summer. E. servus eggs experienced a single, relatively high 
spike in observed predation on August 4. Then, H. halys eggs experienced a single spike 
on August 11. C. hilaris eggs experienced several small spikes in late July and early 
August but experienced the largest spike on September 1. 
 Parasitism events were more common than observed predation events for both 
field seasons. Because dark eggs were not dissected in 2013 and therefore cannot be 
confirmed to contain unhatched parasitoids, the parasitism activities across both years 
were compared using the number of parasitoids that successfully emerged from stink bug 
eggs during each year. Parasitism over time of each stink bug species is displayed for 
2013 and 2014 in Figure 2.12 and Figure 2.13 respectively. Each data point corresponds 
with the percentage of eggs that emerged from the sentinel eggs retrieved from the field 
at each date. E. servus eggs were the only ones that received significant parasitism in 
2013 even though they were not produced in the colonies regularly enough to be placed 
in the field as often as H. halys eggs. Very few E. servus eggs were placed in the field 
except on June 21 and each field date following August 5. However, even with limited 
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time in the field, E. servus eggs were parasitized at high rates with 27 of 28 eggs 
parasitized on June 24 and a trend of increasing parasitism to 65% on August 19. 
 More E. servus sentinel eggs were placed in the field during 2014. Parasitism 
rates of E. servus eggs appear to peak during July of this year, with maximum parasitism 
rates for one date peaking at 34%. Parasitism of H. halys eggs peaks in early August, 
corresponding with a time period when H. halys adults were more visible in the field. C. 
hilaris eggs were not significantly parasitized during 2014. 
 Only 0.2% of the H. halys and C. hilaris eggs available for parasitism supported a 
parasitoid that was successfully able to emerge from the stink bug egg whereas 27.9% of 
the E. servus sentinel eggs available for parasitism produced a parasitoid, not including 
the 217 dark E. servus eggs that contained parasitoids that were unable to emerge (Table 
2.1). Successful emergence was highest from E. servus eggs, corresponding to the stink 
bug with the highest observed rate of parasitism, with 46% of the parasitized eggs 
supporting a successfully emerged parasitoid (Table 2.2). Successful emergence rates 
were much lower from H. halys and C. hilaris eggs at 22% and 13% respectively. 
Though these rates differ numerically, a means separation test determined that parasitoid 
emergence rates were not significantly different between stink bug species. 
 Parasitoids emerged from stink bug eggs that were placed in the apple orchard 
and the pepper field, demonstrating that both crops support some parasitoid activity. Over 
both years, 60% of the sentinel eggs were placed in the pepper field and 40% were placed 
in the apple orchard. For both E. servus (which received the most overall parasitism) and 
H. halys, parasitism was highest in the pepper field (Figure 2.14). However, C. hilaris, 
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with only two egg masses that supported emergent parasitoids in 2014, only detected 
emergent parasitoids in the apple orchard.  
 The results of a chi-square test indicate that significantly more parasitoids 
emerged from stored H. halys eggs than fresh eggs, though more stored eggs were placed 
in the field than fresh eggs (Table 2.3). For C. hilaris, more stored eggs were placed in 
the field than fresh eggs, yet parasitoids emerged significantly more from fresh eggs than 
stored eggs. More available fresh E. servus eggs than stored eggs were placed in the field 
(791 vs. 489) and parasitoids significantly emerged from the fresh eggs more than the 
stored eggs. 
Discussion 
 Just under 10% of the sentinel egg masses from each stink bug species were lost 
in the field. Towards the beginning of this study, these eggs were assumed to have been 
lost in the field because they became unglued from their leaf or adverse weather events 
caused them to fall from the plant. However, one study that videos sentinel H. halys eggs 
in the field in order to identify organisms that prey on the eggs has determined that eggs 
are not separated from the plant in this way, but are instead eaten by a predator that 
leaves no subsequent evidence of the feeding event that could be detected using this 
study’s methods (Pote and Nielsen 2015). The primary predators that attacked stink bug 
eggs in this study were identified to be grasshoppers, katydids, and earwigs (Pote and 
Nielsen 2015). If the trend holds for this study, then almost 10% of each stink bug’s eggs 
could have been consumed by predators in the field, constituting a baseline level of 
biological control exerted by predators on these stink bug pests. Figure 2.8 and Figure 
2.9, which track the disappearance of these sentinel eggs over each year, each contain a 
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spike during which the highest percentage of sentinel eggs of each stink bug species are 
lost. These spikes may indicate time periods during the summer when predation on stink 
bug eggs is highest. In 2013, this peak in activity occurred in the second half of August 
while the peak in 2014 occurred between late July and early August. However, this 
study’s methods cannot directly confirm the fate of these missing eggs and substantiate 
this possible large portion of biological control to predator activity.  
 Evidence of partial egg consumption by chewing and sucking predators was very 
low for all stink bug species in this study, though chewing predators seemed to be more 
predominant. This observation loosely corresponds with Pote and Nielsen 2015 that 
observed primarily chewing predators consuming stink bug eggs, but their study also 
concluded that predators usually consume the entire egg. Again, this observation suggests 
that the level of biological control inflicted by predators on stink bug eggs could be 
substantially underestimated. Elevated instances of observed predation seem to peak 
around the same time as the incidence of missing eggs during 2013, supporting the idea 
that stink bug egg predation was high during this time period. Observed predation 
appears to lag somewhat behind the incidence of missing eggs during 2014. This 
discrepancy could be caused by the activity of predators that attack the eggs in different 
ways, during separate times over the summer. Predators that consume the eggs entirely 
may feed during late July and early August while predators that only partially consume 
the eggs may become more active in late August. 
 Parasitism rates on H. halys in its native region are high, ranging from 63% to 
85%, where a native complex of parasitoid species are able to control its populations (Lee 
et al. 2013b). Even in the United States where parasitoids have not coevolved with H. 
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halys, moderate rates of parasitism have been observed between 23% and 55% in 
agricultural settings (Leskey et al. 2012c). Rates of parasitism emergence from H. halys 
eggs were particularly low in this study, with only 0.3% of H. halys sentinel egg masses 
supporting an emerged parasitoid. Dissections conducted in 2014 on darkened H. halys 
eggs revealed evidence of parasitoid attack on 7% of the H. halys sentinel egg masses in 
2014 but that a parasitoid successfully emerged from the stink bug egg 22% of the time. 
This low parasitoid emergence rate could be influenced by the size of H. halys eggs. H. 
halys eggs are about the same size as C. hilaris eggs, which are approximately 20% 
larger than the eggs of E. servus (Bundy and McPherson 2000). The parasitoids are able 
to emerge from a larger percentage of the small E. servus eggs than the larger H. halys 
and C. hilaris eggs, suggesting that the larger eggs may be more difficult for the 
parasitoids to penetrate than the smaller eggs. In these cases the parasitoid did 
successfully kill the stink bug, even though most parasitoids did not subsequently emerge 
from the stink bug eggs. Considering that most of the parasitoids were unable to emerge 
from the eggs and reproduce, the sustainability of the biological control performed by the 
parasitoid against H. halys is questionable. 
 Less than 1% of the C. hilaris eggs that were deployed in the field were targeted 
for parasitism and of those that were attacked, only 8 parasitoids emerged. C. hilaris is 
known to support moderate levels of parasitism in other regions. Parasitism rates of 47% 
have been observed in mid-Atlantic states (Koppel et al. 2009) and rates between 14% 
and 22% have been observed in Louisiana soybeans (Orr et al. 1986). However, those 
studies relied more on field-laid stink bug eggs as opposed to sentinel eggs laid in a 
greenhouse. This distinction could imply that the sentinel eggs do not possess the same 
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cues that a parasitoid would use to locate them in the field, lowering the percentage of 
parasitism if they remain hidden from the available parasitoids (Jones et al. 2014). Also, 
sentinel egg masses were collected after three days in the field. H. halys eggs take three 
to seven days to hatch (Welty et al. 2008), meaning that any eggs that required more than 
three days to hatch were not available to prospective parasitoids, possibly lowering the 
percentage of eggs that are parasitized. 
 E. servus eggs were parasitized much more than the other stink bugs with 25% of 
the total sentinel egg masses supporting an emerged parasitoid and 41% of the 2014 
sentinel eggs targeted for parasitism with a 46% emergence rate. E. servus are known to 
be heavily parasitized in other regions (Koppel et al. 2009, Tillman 2010, Koppel et al. 
2011). In Virginia, 89.7% of their egg masses and 49.2% of their individual eggs have 
been observed to support parasitoids (Koppel et al. 2009). Though the parasitism rates 
observed during this study are not as high as rates in some other regions, this study 
demonstrates a moderate level of biological control exerted over E. servus eggs by 
parasitoids. 
 Parasitoids were unsuccessful emerging from either H. halys or C. hilaris eggs in 
2013 but they did emerge from E. servus eggs that were only placed in the field once 
during June and during the weeks of August. These scattered egg placements demonstrate 
that parasitoids are still actively utilizing E. servus egg masses in the latter parts of the 
summer. Though the predation event on E. servus eggs in late June was large, it is the 
result of a single egg mass being almost completely parasitized so it does not imply that 
general predation is especially high during this time period. It does however demonstrate 
that parasitoids are active during this period of the summer. 
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 In 2014, parasitism events were more pronounced during various time periods 
over the summer. Parasitism on E. servus eggs, which were placed in the field more 
consistently in 2014, was moderately high, peaking throughout the month of July with the 
highest percentage of parasitism occurring in late July and reaching almost 50%. Overall 
parasitism on H. halys eggs was low, though a distinctive increase in parasitism activity 
was observed on these eggs in the early days of August when adult H. halys could easily 
be seen in the field, suggesting their population was high at this time of the summer. This 
increase in the H. halys population could have promoted an increase in parasitoid activity 
by laying wild eggs that could have increased the chances of parasitoids locating H. halys 
eggs or the egg-laying adults could have produced chemical cues that drew more 
parasitoids to the site with the sentinel egg masses (Jones et al. 2014). Only two C. hilaris 
egg masses produced emerged parasitoids and these egg masses were removed from the 
apple orchard on July 14.  
 There were sharp differences in the rates of parasitism observed between the 
apple orchard and the pepper field. Out of the 392 eggs parasitized between both fields, 
only 30% of those eggs were parasitized in the apple orchard. This could be due to a 
larger number of the egg masses (60%) being placed in the pepper field, making them 
possibly easier for parasitoids to find than the smaller number that were placed in the 
apple orchard. However, the higher rates of parasitism in the peppers could be attributed 
to the higher weed diversity in the pepper field when compared to the apple orchard 
where grass was maintained between the rows of apple trees and broadleaf weeds were 
more intensely controlled. Weeds have been shown to benefit parasitoids by providing 
sites for alternative hosts (Gurr and Wratten 1999) and by providing the parasitoid with 
51 
floral nectaries (Jervis et al. 1993). The higher diversity of weeds in the pepper field 
could have provided parasitoids with more resources, increasing their rate of parasitism 
within the pepper field (Landis et al. 2000). 
 Fresh eggs appeared to be parasitized more than stored eggs for all stink bugs 
except H. halys. This discrepancy is likely due to the fact that many more stored H. halys 
eggs were placed in the field than fresh eggs, increasing their chances of being 
parasitized over the fresh eggs. The primary parasitoid observed in this study, Telenomus 
podisi, has been shown to accept H. halys eggs significantly more when they are under 24 
hours old, suggesting that they might have preferentially attacked fresh eggs had they 
been more plentiful (Abram et al. 2014). Eggs older than 24 hours have possibly lost a 
chemical cue that parasitoids use to locate the eggs and therefore are attacked less 
frequently than their younger counterparts (Abram et al. 2014). 
 Most of the parasitoid activity observed in this study was due to the native 
parasitoid, Telenomus podisi. This parasitoid commonly attacks the egg masses of native 
stink bugs (Orr et al. 1986, Koppel et al. 2009), sometimes utilizing 50% of the available 
egg masses (Koppel et al. 2011), and has been successfully reared on the egg masses of 
H. halys (Leskey et al. 2012c, Jones et al. 2014). However, T. podisi was only successful 
at emerging from 22% of the H. halys eggs that it attacked in this study. This 
phenomenon has been observed before in a study that compared the successful 
emergence rate of T. podisi from native, Podisus maculiventris eggs and the eggs of H. 
halys (Abram et al. 2014). T. podisi was able to emerge from 98.3% of the P. 
maculiventris eggs that it attacked but was unable to emerge from H. halys eggs (Abram 
et al. 2014). The authors suspect that although T. podisi is able to kill the H. halys eggs 
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that it parasitizes, attacking H. halys eggs could be an ‘evolutionary trap’ for T. podisi 
populations, causing their numbers to decrease along with the amount of control they 
wield over native stink bug populations (Abram et al. 2014). The inability of native 
parasitoids to fully complete their development on H. halys eggs may indicate that other 
parasitoids, whether they are more native species or exotic, might serve as better 
parasitoid biological control candidates against H. halys if they are able to both control H. 
halys and successfully complete their development in the process. 
 Observations of biological control were particularly low for this study, even when 
observing native stink bug eggs that have been shown to support an established complex 
of natural enemies (Orr et al. 1986, Koppel et al. 2009, Koppel et al. 2011, Leskey et al. 
2012c). The lack of biological control could be a result of the methods employed to 
detect natural enemy activity. Sentinel egg masses that were collected from greenhouse 
colonies were monitored in the field for this study as opposed to egg masses laid directly 
in the field. This was done in order to insure that there were large amounts of stink bug 
eggs with which to conduct the study and the age of sentinel egg masses could be 
monitored. Knowing the age of the eggs was important because some natural enemies are 
only able to locate and utilize the eggs if they are less than 24 hours old (Abram et al. 
2014). However, stink bug sentinel egg masses have been demonstrated to vastly 
underestimate native levels of biological control because they lack the same chemical 
cues that parasitoids use to locate the eggs (Jones et al. 2014). T. podisi uses the sex 
pheromones of the Neotropical brown stink bug, Eushistus heros (F.), in order to locate 
the stink bug’s egg masses (Borges et al. 1999). It is also attracted to metathoracic gland 
secretions and vibratory signals from E. heros adult females (Laumann et al. 2009, 
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Laumann et al. 2011). Because T. podisi utilizes these cues in order to locate the eggs of 
this stink bug and others, it may also require the same cues in order to locate the eggs of 
H. halys (Jones et al. 2014). Without the presence of adult H. halys laying their eggs 
directly in the field, T. podisi may be much less likely to find and utilize the eggs. 
Therefore, natural enemies may exert a higher level of control on the stink bugs of this 
study than these results suggest and observations on wild stink bug eggs could discover 
more accurate levels of biological control in the native environment. 
 Though methods employed during this study detected only small amounts of 
native biological control activity against H. halys and native stink bug pests, there is 
evidence to suggest that a higher level of biological control is actually at work against 
these stink bugs. Stink bug eggs lost in the field were likely attacked by predators that 
consume the eggs in their entirety, leaving no evidence of consumption without direct, 
visual confirmation of the feeding event. Missing eggs accounted for almost 10% of the 
sentinel egg masses of each stink bug species, suggesting that almost 10% of their eggs 
were fed on my generalist predators. Confirming this level of predation through visual 
methods would help establish a baseline level of predation exerted by predators on these 
stink bug pests and lead to management practices that support predator populations.  
 Parasitoid activity was particularly low for this study. Only one stink bug species, 
E. servus, supported a significant level of biological control due to parasitoids. However, 
sentinel egg masses may not possess the necessary chemical cues that parasitoids require 
in order to locate the eggs, causing the actual level of parasitism to be underestimated. 
Eggs laid in the wild possibly attract more parasitoids and therefore support a higher level 
of biological control than was detected by this study. Biological control provided by 
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parasitoids could prove to be unsustainable however, due to the inability of the parasitoid 
T. podisi to emerge from H. halys eggs. This evolutionary trap could be compensated for 
if the T. podisi population could be sustained by the higher number of parasitoids that 
successfully emerge from E. servus eggs but it is currently unknown if this resource is 
enough to compensate for the population lost to H. halys eggs. If E. servus eggs can 
maintain the population of T. podisi, then this parasitoid may be able to provide a small 
amount of biological control against H. halys and other stink bugs. If its numbers are 
more likely to collapse, alternative parasitoids that are able to complete their 
development in H. halys eggs may need to be introduced in order to provide a more 
sustainable level of biological control. With further investigation into the accurate levels 
of biological control currently at work against these stink bugs, management practices 
can be designed that support the natural enemies that do provide significant control, and 
more effective natural enemies or control methods can be introduced that compensate for 
the agents that are unable to control these stink bug pests. 
 
 
 Table 2.1 Fates of sentinel eggs of Halyomorpha halys, Chinavia hilaris, and Euschistus servus placed an organic pepper field and 
organic apple orchard at the University of Kentucky Horticultural Research Farm during the summer months of 2013 and 2014. 
Stink 
Bug 
Species 
Total 
Sentinel 
Eggs1 
Missing 
Eggs 2 
Chewed 
Eggs 3 
Sucked 
Eggs4 
Available for 
Parasitism5 
Emerged 
Parasitoids6 
Percent 
Emerged 
Parasitoids7 
Dark 
Eggs8 
White 
Eggs9 
PAR 
Eggs10 
Unhatched 
Eggs11 
Black 
Goo12 
Hatched 
Eggs13 
H. halys 8743 694 17 0 8032 27 0.3% 1326 4135 92 115 13 2550 
C. hilaris 7652 723 18 5 6906 8 0.1% 111 4801 53 45 2 2031 
E. servus 1401 109 7 5 1280 357 27.9% 420 300 217 9 4 215 
1Total sentinel eggs=the total number of sentinel eggs deployed in the field. 
 2 Missing eggs=the number of eggs that were not recovered from the field.  
3Chewed eggs=the number of eggs that exhibited chewed fragments of egg shells.  
4Sucked eggs=the number of eggs with feeding tubes or a hole created by a sucking predator.  
5Available for Parasitism=the number of eggs that were not lost in the field or visibly predated upon, leaving them available for 
parasitoids 
6Emerged Parasitoids=eggs with their tops chewed out, the characteristic emergence hole of a parasitoid. 
7Percent Emerged Parasitoids=the percentage of sentinel eggs available for parasitism from which a parasitoid emerged 
8Dark eggs=eggs that show no external sign of damage but are darkened and unhatched, either due to decay over time or the presence 
of an un-emerged parasitoid. 
9White eggs=eggs that show no external sign of damage or darkening but are unhatched. 
10PAR Eggs=number of dark eggs that contained an un-emerged parasitoid.  
11Unhatched Eggs=number of dark eggs that contained an unhatched stink bug.  
12Black Goo=the number of dark eggs that contained undifferentiated black goo. 
13Hatched eggs=the number of eggs with their tops cleanly popped off with egg breakers present, symbolizing the successful 
emergence of a stink bug nymph. 
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Table 2.2 Percentage of parasitoids that were able to successfully emerge from 
parasitized sentinel eggs of Halyomorpha halys, Chinavia hilaris, and Euschistus servus 
that were placed in an organic pepper field and organic apple orchard at the University of 
Kentucky Horticultural Research Farm during the summer months of 2014. 
Stink Bug Species 
Percentage of Emerged Parasitoids from 
Attacked Eggs 
H. halys 22.0% 
C. hilaris 13.1% 
E. servus 46.0% 
p; df p=0.12; 2, 49 
An ANOVA and a Fisher’s Least Significant Difference means separation test was 
performed (SAS Institute 2011) to determine if the successful parasitoid emergence rate 
significantly differed between stink bug species. Successful parasitoid emergence rate 
data was arcsine transformed to account for non-normalized variances.  
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Table 2.3 Age classifications of sentinel eggs of Halyomorpha halys, Chinavia hilaris, 
and Euschistus servus available for parasitism, placed in an organic pepper field and 
organic apple orchard at the University of Kentucky Horticultural Research Farm during 
the summer months of 2013 and 2014 from which a parasitoid emerged.  
Stink 
Bug 
Species 
Available 
Stored 
Eggs1 
Available 
Fresh 
Eggs2 
Emerged 
Parasitoids3 
Percentage 
of 
Parasitized, 
Stored 
Eggs4 
Percentage 
of 
Parasitized, 
Fresh Eggs5 
Χ2, p-
value, 
d.f. 
H. halys 4912 3120 27 0.47% 0.06% 11.25, 
p<0.01, 
1 
C. hilaris 3685 3221 8 0.02% 0.20% 5.26, 
p=0.02, 
1 
E. servus 489 791 357 24.77% 25.93% 6.53, 
p=0.01, 
1 
1Available Stored Eggs=the total number of sentinel eggs available for parasitism that 
were over 72 hours old before being placed in the field.  
2Available Fresh Eggs=the total number of sentinel eggs available for parasitism that 
were between 24 and 48 hours old before being placed in the field.  
3Emerged Parasitoids=the total number of eggs from which a parasitoid emerged.  
4Percentage of Parasitized, Stored Eggs=the percentage of eggs from which a 
parasitoid emerged that were over 72 hours old before being placed in the field.  
5Percentage of Parasitized, Fresh Eggs= the percentage of eggs from which a parasitoid 
emerged that were between 24 and 48 hours old before being placed in the field. 
 
A chi-square test was performed using SAS 9.3 (SAS Institute 2011) to determine if 
parasitoids preferentially emerged from stored or fresh sentinel eggs for each stink bug 
species.   
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Figure 2.1 Damage caused by a chewing predator on Chinavia hilaris eggs. 
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Figure 2.2 Feeding tube left behind by a sucking predator on a Euschistus servus egg. 
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Figure 2.3 Hatched Chinavia hilaris egg mass, with visible egg breakers and hatched 
nymphs. 
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Figure 2.4 Parasitized Euschistus servus eggs, with visible parasitoid exit holes and the 
responsible adult parasitoid, Telenomus podisi. 
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Figure 2.5 Darkened, parasitized Euschistus servus eggs with a white, non-parasitized 
egg. 
  
63 
 
Figure 2.6 Unhatched Telenomus podisi parasitoids inside Euschistus servus eggs. 
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Figure 2.7 Halyomorpha halys eggs that contain undifferentiated black goo. 
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Figure 2.8 Percentage of sentinel eggs of Halyomorpha halys, Chinavia hilaris, and 
Euschistus servus that were placed in an organic pepper field and organic apple orchard 
at the University of Kentucky Horticultural Research Farm that were not recovered from 
the field during the summer months of 2013. E. servus: negg masses=36, neggs=612; H. halys: 
negg masses=272, neggs=7162; C. hilaris: negg masses=17, neggs=597. 
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Figure 2.9 Percentage of sentinel eggs of Halyomorpha halys, Chinavia hilaris, and 
Euschistus servus that were placed in an organic pepper field and organic apple orchard 
at the University of Kentucky Horticultural Research Farm that were not recovered from 
the field during the summer months of 2014. E. servus: negg masses=55, neggs=789; H. halys: 
negg masses=71, neggs=1581; C. hilaris: negg masses=221, neggs=7055. 
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Figure 2.10 Percentage of sentinel eggs of Halyomorpha halys, Chinavia hilaris, and 
Euschistus servus that were placed in an organic pepper field and organic apple orchard 
at the University of Kentucky Horticultural Research Farm that displayed evidence of 
predation during the summer months of 2013. E. servus: negg masses=36, neggs=612; H. 
halys: negg masses=272, neggs=7162; C. hilaris: negg masses=17, neggs=597. 
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Figure 2.11 Percentage of sentinel eggs of Halyomorpha halys, Chinavia hilaris, and 
Euschistus servus that were placed in an organic pepper field and organic apple orchard 
at the University of Kentucky Horticultural Research Farm that displayed evidence of 
predation during the summer months of 2014. E. servus: negg masses=55, neggs=789; H. 
halys: negg masses=71, neggs=1581; C. hilaris: negg masses=221, neggs=7055. 
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Figure 2.12 Percentage of sentinel eggs of Euschistus servus that were placed in an 
organic pepper field and organic apple orchard at the University of Kentucky 
Horticultural Research Farm from which a parasitoid emerged during the summer months 
of 2013. E. servus: negg masses=36, neggs=612. 
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Figure 2.13 Percentage of sentinel eggs of Halyomorpha halys, Chinavia hilaris, and 
Euschistus servus that were placed at regular intervals in an organic pepper field and 
organic apple orchard at the University of Kentucky Horticultural Research Farm from 
which a parasitoid emerged during the summer months of 2014. E. servus: negg masses=55, 
neggs=789; H. halys: negg masses=71, neggs=1581; C. hilaris: negg masses=221, neggs=7055. 
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Figure 2.14 Percentage of sentinel eggs of Halyomorpha halys, Chinavia hilaris, and 
Euschistus servus placed in an organic pepper field and organic apple orchard at the 
University of Kentucky Horticultural Research Farm during the summer months of 2013 
and 2014 from which a parasitoid emerged in a particular crop. E. servus: negg masses=91, 
neggs=1401; H. halys: negg masses=343, neggs=8743; C. hilaris: negg masses=238, neggs=7652. 
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CHAPTER 3 : THE EFFECTIVENESS OF THE GHA STRAIN OF Beauveria 
bassiana AGAINST Halyomorpha halys IN A FIELD, GREENHOUSE, AND LAB 
SETTING 
Conventional farmers have been spraying large amounts of synthetic pesticides in 
order to directly control rising H. halys populations in their crops (Leskey et al. 2012c). 
These insecticides include carbamates, pyrethroids, and neonicotinoids. These 
insecticides have been linked to deleterious environmental consequences and are not 
approved by the Organic Materials Review Institute (OMRI), preventing organic farmers 
from using them on their own crops (Funayama 2012, Leskey et al. 2012b). Indirect 
organic control measures are being investigated for use on organic farms, including the 
use of floral nectaries to promote natural enemy populations (Hunt 2015) and trap crops 
that lure H. halys away from the primary cash crops (Mathews and Hallack 2012). 
However, organic farmers would also benefit from more control options that directly kill 
H. halys in a shorter amount of time and can be used to target H. halys outbreaks at 
certain locations, particularly at the periphery of fields where damage from H. halys is 
often the highest (Leskey et al. 2012c, Leskey et al. 2012a). Several biopesticides, 
including neem (azadirachtin), pyrethrins, and chitin synthesis inhibitors such as 
novaluron and diflubenzuron, cause variable lethal and sub-lethal effects on H. halys 
including fecundity reduction, feeding deterrence, and some lethality at certain life stages 
(Kamminga et al. 2012b, Lee et al. 2013b). 
 One type of biopesticide that has produced high mortality rates against H. halys in 
a lab trial are entomopathogenic fungi (Gouli et al. 2012). Entomopathogenic fungi are 
naturally occurring organisms that can infect and kill a wide range of insects, including 
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those in the families  Coleoptera, Lepidoptera, Diptera, Homoptera and Hymenoptera 
(Singkaravanit et al. 2010, Gul et al. 2014). These fungi are able to enter the insect 
primarily through the integument but can also enter the insect by being ingested or 
through wounds and tracheal openings (Holder and Keyhani 2005). Once inside the 
insect, the fungus proliferates, kills the host through the production of toxins or through 
starvation (Roy et al. 2006), and emerges from the insect’s body under favorable 
temperature and humidity conditions (Gul et al. 2014). Once emerged, spores can be 
transferred to new hosts by the cadaver (Luz and Fargues 1998) or through the air (Gul et 
al. 2014), soil (Keller et al. 2003), and water (Gul et al. 2014).  
 One of the most widely utilized entomopathogenic fungi is Beauveria bassiana 
(Hypocreales: Clavicipitaceae) due to its ability to infect a wide range of insect orders 
(Gul et al. 2014). This fungus has been used to combat diverse groups of pests including 
weevils, caterpillars, corn borers and aphids (Gul et al. 2014). B. bassiana usually kills its 
host through the production of secondary metabolites, then enters a saprophytic phase 
during which it continues to sporulate (Roy et al. 2006). Commercial formulations of B. 
bassiana are all rated to target whiteflies, aphids, thrips, and mealybugs (Boucher 2012). 
Though entomopathogenic fungi have not been used as frequently to combat stink bug 
pests, they have demonstrated some effectiveness by killing up to 41% of the southern 
green stink bugs (Nezara viridula) in a soybean field study, so long as the relative 
humidity was at least 75% (Sosa-Gomez and Moscardi 1998). One study has 
demonstrated that these fungi could also be effective against H. halys (Gouli et al. 2012). 
Under laboratory conditions, the GHA strain of B. bassiana was able to achieve 85 and 
100% mortality at 9 and 12 days post-exposure respectively when applied directly to H. 
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halys (Gouli et al. 2012). Isolates of the B. bassiana strain were applied at rates of 1.0 × 
106, 5.0 × 106, and 1 × 107 conidia mL−1 to adult H. halys using a hand-held atomizer. 
Though these results were obtained under ideal conditions in a laboratory setting, they 
suggest that this fungus has the potential to achieve a significant level of mortality for H. 
halys in the field. 
 Based on the effectiveness of this entomopathogenic fungus against this stink bug 
in the laboratory, a commercial product containing the fungus was used against H. halys 
under field, greenhouse, and laboratory conditions in order to determine if this fungus can 
be effectively utilized by organic farmers in the field and to identify factors that may 
reduce or enhance the product’s efficacy. A pre-formulated, commercial product called 
Mycotrol O (organic version of BotaniGard ES, BioWorks. Inc., Victor NY) was 
investigated. Because both H. halys nymphs and adults cause crop damage (Yang et al. 
2009), nymphs were targeted during the field study. The product would ideally kill the 
nymphs currently causing damage and prevent them from becoming adults that would 
cause further damage and reproduce. Due to the distinctive dropping behavior of H. halys 
when disturbed (Lee et al. 2013b), it is more likely that B. bassiana would be sprayed on 
the crop itself instead of directly onto the targeted stink bugs. Also, H. halys is highly 
mobile throughout its agricultural ecosystem, especially during certain nymphal stages 
(Lee et al. 2014), increasing the need for residual potency from B. bassiana. Therefore, 
the fungus was applied directly to the pepper plants in the plots before the introduction of 
stink bugs in order to determine the effectiveness of the fungus when H. halys is exposed 
to dried residues. Both the lowest and highest labeled concentrations of the fungal 
product were evaluated. 
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After the field trials, the study was modified and conducted inside a University of 
Kentucky campus greenhouse. This allowed climatic conditions to be more precisely 
controlled. Though nymphs were the target of the field trials, adult H. halys were utilized 
during the greenhouse trials, due to a shortage of nymphs in the colonies. 
Due to the evidence that demonstrates B. bassiana can produce large mortality 
rates on H. halys adults if applied directly in the lab (Gouli et al. 2012), Mycotrol O was 
sprayed directly onto H. halys adults in a lab setting with tightly controlled environmental 
parameters.  
Throughout these trials, Mycotrol O was stored at temperatures prescribed by the 
product’s label and all experiments were conducted before product expiration. 
Methods and Materials 
Lab Trials 
Nine petri dishes were filled with five H. halys adults each from the colonies on 
March 10, 2015. A mixture of genders were added to each petri dish. In the lab, B. 
bassiana treatments were applied to the petri dishes in a randomized, complete block 
design. The treatments and their associated concentrations were identical to those used 
during the first trials. Treatments were sprayed directly onto the stink bugs in each petri 
dish using a total volume of 0.05L using a 0.8L plastic spray bottle. A moist Q-tip was 
placed in each petri dish. All of the petri dishes were housed in a 31cm by 23cm by 10cm 
clear container with lid (Pioneer Plastics). An open petri dish with water was also placed 
inside the container to increase the humidity. The humidity inside the container was 
monitored using a HOBO monitor (Onset Computer Corporation, Bourne MA). The 
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entire container was housed in an incubator at 27°C and a 15:9 L:D cycle for one month. 
During that time, the mortality status of the stink bugs in each petri dish was tracked and 
any evidence of fungal formation was documented. At the end of the month, all of the 
resulting fungal samples were identified in the University of Kentucky plant diagnostic 
lab.  
Greenhouse Trials 
Twelve insect tents (BugDorm-2120F, MegaView Science Co.) were arranged 
into four rows in the greenhouse at 24ºC and a 15:9 L:D cycle. Four small pots were 
arranged in a square in each insect tent. Inside each pot, two bean plants (‘Rattlesnake’ 
Garden Beans, Southern States, Richmond VA) were seeded. Once the bean plants grew 
to the R1 stage (Schwartz and Langham 2015), the fungus treatments were applied to the 
plants in a randomized, complete block design on October 20, 2014. Treatments and their 
associated concentrations were identical to those tested in the field trials. A total volume 
of 0.1L was applied to the plants with a 0.8L plastic spray bottle.  
After the applications were dry, six H. halys adults were added to the tents. Half of 
the stink bugs added to seven of the tents were male and the other half were female. Due 
to a gender bias towards females in the colonies, only females were added to the 
remaining five tents. The experimental layout and distribution of H. halys genders 
between the cages is represented in Figure 3.1. For the next 10 days, tents were 
monitored for the number, gender, and mortality status of the stink bugs in each cage. 
After 10 days, the stink bugs from each cage were transferred to their own petri dish with 
a moist Q-tip. The stink bug petri dishes were all placed in a 31cm by 23cm by 10cm 
clear container with lid (Pioneer Plastics) in a lab incubator at 27°C and a 15:9 L:D cycle 
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for three and a half weeks. Any evidence of fungal growth during that time was recorded 
and subsequently identified. 
Field Trials 
 Field trials were carried out in an organic pepper field (‘Aristotle,’ Seedway, Hall, 
NY) at the University of Kentucky Horticulture Research Farm in Lexington, KY. The 
same pepper field was used to carry out exclusionary screen trials in 2014. Fifteen caged 
plots were arranged at the southern end of the field to cover three rows of pepper plants 
with five cages, each cage covering four pepper plants (Figure 1.1). Cages within a row 
were separated from one another by 2m and cages between rows were separated by 2m. 
Cages were constructed using two, rectangular frames of 1cm wide PVC pipes, each with 
a PVC support bar in the middle. Frames were held together with PVC cement (Oatey, 
Cleveland OH). The short sides of the frames delineated their plot of peppers within the 
row, then the tops of the frames were secured over the pepper plants with zip-ties, 
creating a triangular-shaped frame over each plot. Frames were secured to the row with 
sod stakes. Each plot cage was 76cm by 69cm by 152cm. White insect netting (ProTek, 
0.35mm x 0.35mm, 25g) was draped over each frame. The netting was secured to the 
ground on each row by tucking excess netting under the PVC frame. Excess netting on 
the side of the rows was tied in a knot, then stapled into the ground with sod stakes. A 
triangular-shaped flap was cut into the upper half of one side on each cage in order to 
introduce stink bugs and the fungus into the cages and to serve as an opening through 
which researchers could examine pepper plants. Flaps were closed using large binder 
clips (OfficeMax brand, 5cm wide). 
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 On July 30, 2014, seventy-five 5th instar H. halys nymphs were collected early in 
the morning from the sentinel egg mass greenhouse colonies for use in the B. bassiana 
field study. Treatments for this study included a water control, a 1.25mL/L concentration 
of Mycotrol O, and a 5mL/L concentration of Mycotrol O. These treatments were applied 
to each experimental unit as a randomized, complete block design with each treatment 
represented in each of four blocks. Each treatment was sprayed onto the plants in each 
cage using a CO2 pressurized sprayer. A volume of 0.25L was applied inside the cage 
plots at a pressure of 30 psi, using a cone-shaped nozzle. After the application of each 
treatment, five nymphs were released into each cage.  
 From July 30 to August 15, 2015, the interior of the cages were inspected for the 
number, life stage, and mortality status of the stink bugs in each cage five times. Any 
evidence of dead stink bugs that supported a fungus were recorded and removed from the 
plots for fungus identification. Then, all stink bugs were recovered from the field and 
moved into the greenhouse so the progression of any fungus could be monitored. All of 
the stink bugs recovered from a single plot were housed in a petri dish with a carrot. For 
four and a half weeks, the petri dishes were inspected for the number, life stage, and 
mortality status of the stink bugs. Any evidence of dead stink bugs that supported a 
fungus were recorded and removed after the completion of the study for fungal 
identification. 
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Results  
Lab Trials 
By the end of these trials, 13 fungal specimens had emerged from the insect hosts 
(Table 3.2). Six of those fungal specimens were identified to be Aspergillus species, 
which are opportunistic fungi (Sun et al. 2008). Another six fungi were identified to be 
among the entomopathogenic fungi species of Paecilomyces (Sun et al. 2008). Only one 
stink bug specimen supported B. bassiana. That specimen died at 20 days post-exposure 
and the fungus emerged at 22 days post-exposure. The relative humidity inside the plastic 
container was maintained between 83% and 89% throughout the trial period (Figure 3.2). 
Greenhouse Trials 
No fungal growth was observed on any of the stink bug specimens during the 
course of this study. None of the stink bugs escaped from their cages during these trials 
so the progress of each stink bug was monitored throughout the trial period. 
Field Trials 
 B. bassiana was not observed on any of the stink bugs from any of the plots in the 
field, nor was it identified during the post-field observation period (Table 3.1). Two 
specimens supported a fungus but after subsequent identification, the fungus was 
determined to be a Fusarium fungus species, not B. bassiana (UK Diagnostic Lab, 
personal communication). 
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Discussion 
Lab Trials 
This lab study was only able to produce the B. bassiana fungus on a single H. 
halys specimen. Despite applying 1.1x107 conidia/mL to the stink bugs in the high 
concentration treatment, roughly the same concentration applied by Gouli et al. 2012 for 
their high concentration (1.0x107 conidia/mL) and maintaining a relative humidity higher 
than the 70%-75% range maintained by Gouli et al. 2012, this study was unable to 
replicate the original B. bassiana study’s high H. halys mortality rates.  
Greenhouse Trials 
A possible factor that could have hindered B. bassiana from successfully infecting 
the H. halys adults was the application of the fungus directly onto the plants instead of 
the stink bugs. Though B. bassiana has demonstrated the potential to achieve mortality in 
H. halys populations in the lab, this occurred after the fungus was applied directly onto 
adult stink bugs, not through incidental exposure to infected plants (Gouli et al. 2012). 
This indirect mode of fungal transference has demonstrated to be problematic in other 
studies as well, including one study that observed lower mortality rates on the cabbage 
looper [Trichoplusia ni (Hübner) (Lepidoptera: Noctuidae)] when exposed to B. bassiana 
that had been applied to the crop than when B. bassiana was applied directly to T. ni 
(Behle 2006). Larvae also experienced higher mortality rates (81% vs. 40%) when 
exposed to the conventional formulation of Mycotrol O, Botanigard ES, two hours after 
its application on cabbage plants as opposed to eight hours after application (Behle 2006). 
Some environmental factors that appear to decrease the residual activity of B. bassiana 
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include exposure to sunlight and the desiccation of the fungal conidia after their initial 
exposure to water (Behle 2006). Because H. halys is more likely to come into contact 
with a residual of the fungal spray as opposed to being sprayed directly (Lee et al. 
2013b), this product likely needs improved residual potency before it could achieve high 
mortality rates in an actual field setting. 
Field Trials 
 Though B. bassiana was not directly observed on any of the recovered stink bug 
species, this study cannot conclude that the fungus was completely ineffective. Almost 
75% of the stink bug specimens deployed in the field were not recovered from the field 
for several reasons, making it impossible to determine their ultimate fates. Weather 
damage inflicted on the cages, which allowed stink bugs to escape, could have 
contributed to the disappearance of some of the stink bugs. Some stink bugs may have 
been able to escape recapture by hiding under the black plastic in which the peppers were 
planted. This design flaw in the cages may have allowed stink bugs to hide under the 
black plastic where they couldn’t be detected and recovered by researchers. 
 Stink bugs could have disappeared due to non-experimental errors as well. During 
the field cage study of Sosa-Gomez and Moscardi in 1998 that identified a level of 
biological control exerted by entomopathogenic fungi on N. viridula adults, the 
researchers were also interested in the effect that the fungi had on stink bug nymphs. 
However, the researchers observed that predators quickly devoured recently deceased 
nymphs in the field. This prompted the researchers to postulate that infected nymphs 
would be quickly utilized by natural predators, prohibiting researchers from recovering 
the fungus-infected nymphs. All of the stink bug specimens utilized in this field study 
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were nymphs so it is possible that infected nymphs were consumed by predators that 
were able to enter the cages through cage defects or through openings created by weather 
damage. Alternatively, any surviving nymphs would have molted into adults over the 
course of this study (Quarles 2014), after which they could have died, escaped from the 
cages, or be recovered from the cages by researchers. Due to the large portion of 
specimen disappearances over the course of this study, the losses cannot be attributed to 
death during the nymphal stage or to their subsequent disappearance in the adult stage. 
 Non-ideal climatic conditions may also have contributed to a decreased 
effectiveness of B. bassiana. Sosa-Gomez and Moscardi 1998 observed that 
entomopathogenic fungi caused lower percentages of stink bug mortality during time 
periods of lower relative humidity (<75%), when conditions were not as favorable for 
fungal proliferation. Another study demonstrated that humidity is likely the most 
important climatic factor toward the successful proliferation of B. bassiana (Fargues and 
Luz 2000). Weather conditions during B. bassiana field application and during periods of 
data collection are summarized in Table 3.3. Though the average humidity during the 
fungal field trials was 80%, there were several time periods during the experiment when 
relative humidity decreased below 75%. On more than one occasion, relative humidity 
dipped lower than 70%, including on the day B. bassiana was applied inside the plots. 
These drops in humidity could have negatively impacted B. bassiana, making it less 
effective than it would be under more consistently humid conditions. 
 Trials evaluating the effectiveness of this product against H. halys in the field are 
still important before dismissing it as an effective option for organic growers. Repeating 
these field trials, with certain alterations, could increase the number of stink bugs 
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recovered from the field, producing a representation of the actual mortality rate from B. 
bassiana that contains less uncertainty. These same cages could be used to cover pepper 
plants that are not on raised plastic beds and therefore, do not support an opening 
between the plastic and study plant that the stink bugs can use to hide between. Also, soil 
could be used to cover the bottom edges of the cages to prevent insects from travelling 
under any gaps at the bottom of the cage. If the study were repeated during another year 
with new climatic conditions, it could provide a clearer picture of the effectiveness of B. 
bassiana with new climatic factors that a farmer may experience from year to year. By 
making these adjustments to the study design, researchers could gain a clearer 
understanding of the lethality of B. bassiana towards H. halys in a realistic field setting 
and how the variable elements inherent in that system will affect the final mortality rate. 
 The trials with B. bassiana carried out in the greenhouse and lab settings against 
H. halys suggest that this particular product, Mycotrol O, may be unable to achieve a 
significant level of mortality on H. halys populations in real world conditions. Even 
under ideal, steady climatic conditions, direct fungal application was only able to infect a 
single adult H. halys. Under field conditions, abiotic factors could potentially decrease 
the effectiveness of the product through sunlight exposure, desiccation, and fluctuating 
humidity (Fargues and Luz 2000, Behle 2006). Though this product was unable to 
significantly affect adult H. halys, these trials could be repeated using H. halys nymphs to 
determine if this product can infect the relatively softer bodies of immature stink bugs. If 
Mycotrol O can cause mortality in this life stage, the product could be applied during 
periods of the growing season when H. halys nymphs are abundant, killing the stink bugs 
during the immature life stage and preventing them from becoming adults and 
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reproducing. Other product formulations that contain the GHA strain of B. bassiana or 
another species of entomopathogenic fungi should also be tested on H. halys to determine 
if an alternative product can achieve higher levels of mortality for this particular pest. 
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Table 3.1 The number of Halyomorpha halys stink bugs recovered from a Beauveria 
bassiana and Halyomorpha halys field cage experiment in an ‘Aristotle’ variety pepper 
field at the University of Kentucky Horticulture Research Farm in Lexington, KY during 
the summer of 2014 and the number/identity of fungi that grew from recovered 
specimens. 
Plot Treatment 1SB/Cage 
SB 
Recovered/Cage 
SB with B. 
bassiana 
SB with 
Fusarium 
1 W2 5 5 0 2 
2 LC3 5 0 0 0 
3 HC4 5 1 0 0 
4 LC 5 0 0 0 
5 HC 5 4 0 2 
6 W 5 0 0 0 
7 HC 5 0 0 0 
8 W 5 3 0 0 
9 LC 5 0 0 0 
10 LC 5 2 0 0 
11 W 5 2 0 0 
12 HC 5 1 0 0 
13 LC 5 1 0 0 
14 HC 5 1 0 0 
15 W 5 0 0 0 
H. halys released into cages on 7/30/2014 and recovered on 8/15/2014. 
1SB=stink bugs  
2W=water control  
3LC (low concentration) =1.25mL/L of Mycotrol O  
4HC (high concentration) = 5mL/L of Mycotrol O  
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Table 3.2 Summary of the resultant fungi that grew on Halyomorpha halys specimens 
during Beauveria bassiana lab trials conducted at the University of Kentucky during the 
spring of 2015, along with the number of days between Mycotrol O application and 
fungal emergence. 
Sample Treatment Gender 
Beauveria 
bassiana 
Aspergillus Paecilomyces 
Days Till 
Fungal 
Emergence 
1 HC1 M N Y Y 27 
1 HC F N Y N 17 
1 HC F N Y N 27 
1 HC F N N N . 
1 HC F N N N . 
2 W2 M N N N . 
2 W M N N N . 
2 W M N N N . 
2 W F N N N . 
2 W F N N N . 
3 LC3 M N N N . 
3 LC M N N N . 
3 LC M N N N . 
3 LC F N N N . 
3 LC F N N N . 
4 HC M Y N N 22 
4 HC F N N N . 
4 HC F N N N . 
4 HC F N N N . 
4 HC F N N N . 
5 LC M N N N . 
5 LC M N N N . 
5 LC M N N N . 
5 LC F N N N . 
5 LC F N N N . 
6 W M N N N . 
6 W F N N Y 13 
6 W F N N N . 
6 W F N N N . 
6 W F N N N . 
7 HC M N Y Y 17 
7 HC M N Y N 22 
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Table 3.2 (continued) 
Sample Treatment Gender 
Beauveria 
bassiana 
Aspergillus Paecilomyces 
Days Till 
Fungal 
Emergence 
7 HC M N Y N 27 
7 HC F N N Y 17 
7 HC F N N Y 27 
8 LC M N N N . 
8 LC M N N N . 
8 LC F N N N . 
8 LC F N N N . 
8 LC F N N N . 
9 W M N N N . 
9 W M N N N . 
9 W F N N Y 9 
9 W F N N N . 
9 W F N N N . 
1HC (high concentration) = 5mL/L of Mycotrol O 
2W=water control  
3LC (low concentration) =1.25mL/L of Mycotrol O  
88 
Table 3.3 Weather conditions during Mycotrol O application and during subsequent data 
collection throughout a Beauveria bassiana and Halyomorpha halys field cage 
experiment in an ‘Aristotle’ variety pepper field at the University of Kentucky 
Horticulture Research Farm in Lexington, KY.  
Date Time (edt1) 
Temperature 
(°C) 
Weather 
Conditions 
Relative 
Humidity (%) 
7/30/2015 11:00 am 22 Clear 63 
7/31/2015 9:06 am 17 Clear 83 
8/4/2015 8:44 am 18 Light Fog 87 
8/7/2015 9:28 am 22 Clear 65 
8/11/2015 8:36 am 22 Light Fog 93 
8/14/2015 8:53 am 16 Clear 89 
All temperatures and relative humidities were reported by the National Weather Service 
in Louisville, KY. Mycotrol O application occurred on 7/30/2015.  
1EDT=eastern daylight time 
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Figure 3.1 Experimental layout of Beauveria bassiana and Halyomorpha halys caged 
trials in the University of Kentucky greenhouses during the fall of 2014. 
1X=’Rattlesnake’ garden bean plant 
2F:? M:? =number of Halyomorpha halys genders in each cage 
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Figure 3.2 The relative humidity throughout a Halyomorpha halys and Beauveria 
bassiana lab trial at the University of Kentucky during the winter of 2015. Relative 
humidity was monitored by a HOBO monitor (Onset Computer Corporation, Bourne 
MA). The lab trial was initiated February 10 and ended on March 9. Extreme drops in 
relative humidity during this time frame were caused by the removal of the HOBO 
monitor for data collection and do not reflect climatic conditions during the experiment. 
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CHAPTER 4 : SUMMARY 
 These trials contribute valuable knowledge about the benefits and drawbacks of 
three different H. halys organic control options. The exclusionary screen trials 
demonstrated that some beneficial, natural enemies may be excluded from screened plots 
with finer meshes, increasing the risk for small secondary pest outbreaks, but the screens 
also excluded H. halys and harmful levels of sunlight. These exclusions decreased the 
incidence of stink bug damage and sunscald, increasing the percentage of marketable 
crop. Darker fine screens are also more likely to over-shade plants, decreasing the 
resultant yield. However, light-colored fine screens allow for ample sunlight to reach the 
plants, which then produce a higher percentage of marketable crop. Though light-colored 
fine screens still carry a higher risk of small, secondary pest outbreaks, they have the 
potential to be economically feasible in regions where H. halys is a primary threat. 
 Despite evidence that claims sentinel egg masses underestimate natural levels of 
predation and parasitism in the environment (Jones et al. 2014), this H. halys sentinel egg 
mass study was able to detect some biological control in the native ecosystem. Video 
evidence from a separate H. halys sentinel egg mass study (Pote and Nielsen 2015) 
demonstrated that eggs lost in the field were due to predation of the entire egg mass, not 
the egg mass becoming dislodged from the plant. Assuming missing eggs in this study 
were predated upon, around 10% of the sentinel egg masses of each stink bug species 
were killed by predators. Parasitoids, primarily T. podisi, are attacking the eggs of H. 
halys though less than 1% of the H. halys sentinel eggs were targeted by these parasitoids 
with a 22% emergence rate. These parasitism rates are comparatively higher for the 
native brown stink bug, E. servus, which experienced a 25% parasitism rate with 46% of 
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the parasitoids emerging from the eggs. The parasitoids have a much higher success rate 
emerging from these native stink bugs than they do emerging from the eggs of H. halys. 
 B. bassiana, within the Mycotrol O formulation, did not achieve high levels of 
mortality in H. halys adults in the greenhouse or lab setting, even with stable conditions 
and high relative humidity. Though the product was ineffective during these trials, with 
the exception of one successful infection during the lab trials, Mycotrol O could be 
potentially more effective when targeting H. halys nymphs or under different climatic 
conditions or levels of relative humidity. 
 There are many options for follow-up research that could build upon or refine the 
results of these trials. Lighter-colored screens of each mesh size could be investigated in 
order to compare their exclusion capabilities without the over-shading factor. Various 
screen cage designs could also be investigated in order to determine which design would 
require the least labor and cost to the grower, along with the greatest ease of field 
construction. 
 A greater level of biological control from the native environment could be 
detected with the deployment of wild-laid stink bug egg masses. These eggs would be 
more likely to possess cues utilized by natural enemies to locate them. Videotaping the 
stink bug egg masses could provide the identity of predators utilizing the eggs and reveal 
if these predators are responsible for missing eggs. Lastly, considering that only 22% of 
the parasitized H. halys eggs produced an emerged parasitoid, a study could assess if the 
parasitoid population can be supported by the more successful parasitoids that emerge 
from native stink bug eggs or if the individuals lost to H. halys eggs will cause the 
parasitoid population to decline. 
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 Though the B. bassiana in Mycotrol O was not observed to infect a significant 
number of H. halys during these trials, the product could still be tested using different 
parameters. The effectiveness may increase in environments with relative humidity over 
90% and H. halys nymphs could be more susceptible to this product. If a higher level of 
mortality is achieved using this product, field trials with improved cages could be 
repeated. The field trials could highlight the most important environmental factors for 
successful H. halys fungal infection. The infection of several stink bug specimens by 
opportunistic fungi suggests that Mycotrol O could compromise the stink bug’s immune 
system, exposing the pest to other fungi that subsequently cause mortality. This sub-lethal 
effect could indirectly lead to a significant level of H. halys mortality, making this 
product a viable control option for organic growers. Other entomopathogenic fungi and 
associated products could also be tested against H. halys to determine if another fungus is 
more adept at infecting H. halys. With further exploration into these various control 
options, the greatest diversity of effective control options can be relayed to organic 
growers and contribute to the battle against H. halys in organic agriculture. 
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